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ABSTRACT 
Lysobacter enzymogenes strain C3 (LeC3) is a potential biocontrol agent for various 
fungal, oomycete, bacterial, and nematode plant diseases. Understanding the molecular 
mechanism of LeC3 antagonism against multiple pathogens could greatly improve its biocontrol 
efficacy. In this study, a library containing 948 transposon-insertion mutants of LeC3 was 
generated and screened to identify genes associated with LeC3 antagonism against fungal 
pathogens. Results showed that 141 mutants showed significant decrease in inhibiting hyphae 
growth of the white mold pathogen (Sclerotinia sclerotiorum). Among them, 74 mutants no 
longer inhibited S. sclerotiorum hyphae growth. The insertion sites for 50 out of these 74 
mutants were determined by inverse or RATE PCR and sequencing. Nine mutants were selected 
for further characterization.  
These nine mutants were partially recovered in their abilities in inhibiting hyphae growth 
of the white mold pathogen by introducing plasmids containing corresponding genes. Results 
also showed that all nine mutants exhibited significantly decreased abilities in suppressing spore 
germination of the sudden death syndrome pathogen (Fusarium virguliforme), and in the 
production of four extracellular enzymes (protease, lipase, cellulase, and chitinase). In addition, 
the production of the heat stable antifungal factor (HSAF), a fungal specific antibiotic produced 
by LeC3, was determined in these nine mutants using HPLC and all nine mutants showed 
significant decrease in HSAF production or secretion. Collectively, our findings suggest that the 
nine genes identified and characterized in LeC3 play important roles in the antagonism against 
fungal pathogens probably by influencing the production and/or secretion of extracellular 
enzymes and HSAF. 
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CHAPTER 1  
LITERATURE REVIEW 
1.1 Soybean and major soybean diseases 
As an important protein-and-oil provider and the most extensively grown legume, soybean 
(Glycine max) plays essential roles in global food security with increasing population around the 
globe (Ainsworth et al., 2012). In 2015, as the world’s biggest soybean producer, the U.S. 
produced about 107 million metric tons of soybean, valued at 34.5 billion dollars (SoyStats® 
2016; http://soystats.com/). Despite the efficiency of yield gain and increase of planting acreage, 
estimated yield losses due to plant diseases can still be tremendous (FAOSTA; 
http://www.fao.org/faostat/en/#home). In 2009, plant diseases in 27 out of 31 major soybean 
producing states in the US were reportedly causing soybean yield reduction by 484 million 
bushels, approximately 14.42% of the 2009 annual yield (3.36 billion bushels), which valued at 
4.6 billion dollars (Koenning and Wrather, 2010).  
Based on the estimated yield losses from 2006 to 2009, 12 most damaging soybean 
diseases in the United States are soybean cyst nematode (causal agent: Heterodera glycines), 
seed rot and seedling diseases (Rhizoctonia, Pythium, Fusarium, and Phomopsis), Phythopthora 
root and stem rot (Phytophthora sojae), sudden death syndrome (SDS, Fusarium virguliforme), 
Sclerotinia stem rot (Sclerotinia sclerotiorum), charcoal rot (Macrophomina phaseolina), 
Septoria brown spot (Septoria glycines), brown stem rot (Phialophora gregata), anthracnose 
(Colletotrichum truncatum), pod and stem blight (Diaporthe phaseolorum var. sojae), frogeye 
leaf spot (Cercospora sojina), and purple seed stain (Cercospora kikuchii) (Koenning and 
Wrather, 2010). The causal agents of 11 out of the 12 plant diseases mentioned above are fungi 
or fungi-like oomycetes, which were estimated to cause about 55% of soybean yield losses in the 
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United States from 2006 to 2009 (Koenning and Wrather, 2010). Extensive studies of plant 
pathogens, the diseases they cause, and control strategies have been carried out to reduce or 
prevent crop losses. Sclerotinia stem rot (SSR) and SDS are two excellent examples.  
SSR (a.k.a. white mold) is a stem disease caused by the fungus S. sclerotiorum, which can 
survive for years in soil or on stems as sclerotia (hard black masses of mycelium). SSR inclines 
to prevail and cause destructive losses under cool and wet growing conditions. In 2009, SSR was 
the second most damaging soybean disease in the US, resulting in 59 million bushels yield losses 
(Koenning and Wrather, 2010). The disease cycle begins when mushroom-like apothecia form 
and produce ascospores. Initial SSR symptoms are gray to white lesions and these lesions can 
rapidly progress from nodes to the whole stem. During high relative humidity period, white 
fluffy mycelia promptly cover the infected area and eventually form characteristic black sclerotia 
on and inside stem lesions, indicating the approaching death of the infected soybeans. General 
integrated management for SSR includes selection of resistant varieties (no completely resistant 
variety found so far), non-host crop (corn, small grains and forage legumes) rotation, modest 
tillage, canopy management, fungicide, and biological controls (Mueller et al., 2016).  
Sudden death syndrome (SDS), one of the top five most damaging soybean diseases in the 
United States, is caused by the soil-borne fungus F. virguliforme (a.k.a. Fusarium solani f.sp. 
glycines) and characterized by interveinal chlorosis and necrosis foliar symptoms (Koenning and 
Wrather, 2010). Favored by high soil moisture and cool temperatures, primary SDS disease is a 
root rot, and root infection can start within days of planting (Mueller et al., 2016). Globose to 
subglobose chlamydospores are produced in plant together with hyphae or macroconidia 
(Hartman et al., 2015). Toxins produced by F. virguliforme in colonized roots are responsible for 
foliar symptoms, i.e. interveinal scattered and yellow spots. These spots can expand and become 
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large chlorotic and necrotic blotches with retentively green veins. Eventually, leaflets without 
petioles drop. General integrated management for SDS includes selection of resistant varieties 
(several varieties exhibit partial resistance), reduction of soil compaction, delayed planting date, 
and reduction of soybean cyst nematode. However, crop rotation with corn is ineffective as F. 
virguliforme can be harbored in corn residue, resulting in SDS outbreaks even after several years 
of continuous corn (Mueller et al., 2016).  
 
1.2 Current status of disease control 
Detailed studies of plant diseases lead to various management methods. These include, (1) 
regulatory control (e.g. use of pathogen-free propagating material) aims at excluding pathogens 
from hosts or particular regions; (2) cultural control (e.g. crop rotation) helps plants create 
pathogen-unfavorable conditions or remove/reduce inoculum; (3) biological control involves the 
use of resistant varieties or addition of pathogen-antagonistic microorganisms; (4) physical (e.g. 
radiation/heat/refrigeration treatment), and (5) chemical (e.g. pesticide) control methods. The 
best therapeutic method of plant disease is to prevent the disease from happening; however, 
direct protection should be applied if other methods are impossible to prevent a serious epidemic 
(Agrios, 2005).  
 
1.2.1 Direct protection by fungicides  
Application of chemical compounds with toxicity to plant pathogens on foliage/seed/soil is 
one of the most common disease control means. These compounds can be classified as inorganic 
and organic chemicals. Bordeaux mixture, the reaction product of calcium hydroxide and copper 
sulfate, was the first inorganic fungicide to be used and is still widely used against fungal, 
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oomycete, and bacterial pathogens, which cause blight, leaf spot, downy mildew, anthracnose, 
and canker diseases. Despite copper compounds, inorganic sulfur, carbonate, phosphate, and 
film-forming compounds also show pathogen-inhibitory characteristics and can reduce disease 
severity. One example of more modern organic chemicals is systemic fungicides. Unlike contact 
protective fungicides as exterior protecting shields, systemic fungicides do enter the plants and 
translocate within plants through the xylem when applied as seed/root/in-furrow treatments or 
directly injected into tree trunks (Agrios, 2005). Since the introduction of systemic fungicides in 
the 1960s, systemic fungicides have gradually replaced non-systemic products in the market and 
achieved higher levels of disease control; however, the appearance of pathogen resistance 
diminishes their efficacies (Gullino et al., 2000).  
Fungicide resistance is a stable and heritable modification in a fungus, resulting in both 
decreased sensitivity of the fungus to the fungicide and further failure of disease control. Before 
the 1970’s, most disease protectants were multi-site inhibitors with low resistance occurrence 
rate (Ma and Michailides, 2005). Since almost all systemic fungicides work by inhibiting only 
one or a few metabolic steps within the target pathogens, fungi can easily become resistant to the 
compound either by mutation or by resistant individual selection in a population (Agrios, 2005). 
For instance, 89% of the purple seed stain pathogen C. kikuchii isolates collected in 2011-2013 
(n=150) from soybean-producing area in Louisiana showed Quinone outside Inhibitors (QoI) 
resistance; however, in 2000 (n=133), the percentage was 0 (Price et al., 2015). QoI resistance 
has been attributed to three point mutations/amino acid substitutions on the cytochrome b gene in 
fungal pathogens, i.e. G143A, F129L, and G137R (FRAC, 2015). G143A mutation results in 
complete QoI immunity, whereas F129L and G137R lead to partial resistance (FRAC, 2015). To 
date, resistance has been reported across a wide range of fungal pathogens, including Fusarium, 
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Verticillium, Penicillium, Botrytis, Cercospora, Alternaria, Colletotrichum, Sphaerotheca, 
Mycosphaerella, Aspergillus, Phytophthora, Pythium, and Ustilago (Agrios, 2005). It appears 
that resistance can be expected to develop in pathogens wherever single-site chemicals are 
extensively used for plant disease control.  
Another problem of chemical controls comes from fungicide toxicity. Most pesticides 
control plant diseases for their direct toxicity to pathogens by inhibiting cell wall biosynthesis, 
damaging cell membranes, inactivating essential enzymes, or targeting certain proteins within 
target pathogens. For example, copper ion can react with sulfhydryl (-SH) groups in certain 
amino acids, causing protein denaturation in cells. Similarly, ethazol, a systemic fungicide used 
in seed, soil and surf treatment for the control of Phytophthora and Pythium, which causes root 
and stem rot and damping-off diseases, can release thiocarbonyl (-N=C-S) inactivating proteins 
with -SH in cells (Agrios, 2005). Nevertheless, non-target microbes, animals, and human beings 
can also be at risk of chemical injuries (Nian, 2015). Nitrogen-fixing bacteria decreased 
significantly after the application of captan, a fungicide for the control of blight, leaf spot, and 
fruit rot diseases on vegetables, fruit crops, turf, and ornamentals (Martinez-Toledo et al., 1998). 
A population of algae Pseudokirchneriella subcapitata was adversely affected by agriculturally-
relevant concentrations of pyraclostrobin, one of the most important QoI fungicides (Ochoa-
Acuna et al., 2009). Larger eukaryote amphibians were also shown to have development defects 
and even mortality in their tadpole and juvenile stages because of agriculturally-relevant 
concentrations of QoI fungicides (Hartman et al., 2014). Transcript profiling of mice treated with 
multiple systemic imidazole fungicides revealed alterations in proliferative factors in 
tumorigenesis, including cell cycle regulation, cell survival, oxidative stress, and apoptosis 
(Ward et al., 2006). Besides tumorigenesis, studies on the relevance of fungicide to human health 
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also indicated its dangerous influence on attenuation of complete sex determination and 
disruption of hormone action (Andersen et al., 2002; Taxvig et al., 2007).  
 
1.2.2 Direct protection by biological control agents  
Pathogen resistance development against fungicides and increased public concerns about 
food and water contamination with residual fungicides led to intensive efforts to a more 
sustainable direct control method, i.e. biological control. Normally, biological control involves 
the development of introduced antagonistic microorganisms and uses their natural antagonism to 
mitigate plant pathogens. Previous studies summed up four widely-accepted mechanisms 
employed by biological control agents (BCAs), i.e. parasitism, antibiosis, competition, and 
inducement of host resistance (Whipps, 2001).  
Parasitism inhibits plant diseases by secreting extracellular enzymes, resulting in the lysis 
of pathogenic organisms. For example, Phytophthora cinnamomi root rot on Banksia grandis 
was suppressed by a cellulase-producing Micromonospora carbonacea isolate (ElTarabily et al., 
1996). Antibiosis employs the production of antibiotics and other pathogen-suppressing 
secondary metabolites including butyrolactones, ammonia, HCN, 2,4-diacetylphloroglucinol, 
kanosamine, Oomycin A, Oligomycin A, pyoluterin, phenazine-1-carboxylic acid, 
viscosinamide, pyrrolnitrin, zwittermycin A, xanthobaccin, as well as other uncharacterized 
secondary metabolites (Whipps, 2001). Competition is related to limited space, scarce nutrition 
resources, and perhaps different absorbing structures. Under iron-limiting conditions, some 
bacteria with biocontrol activities can produce iron chelating compounds (siderophores) to 
restrict pathogenic fungal growth by sequestering limited iron supply in rhizosphere (Loper and 
Henkels, 1999). For instance, pyoverdine siderophore produced by some Pseudomonas species 
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has been proved to play important roles in the control of Fusarium and Pythium (Duijff et al., 
1993; Loper and Buyer, 1991). In addition, some BCAs can activate host defense genes and 
prime the plant to build up tolerance against pathogens. Non-pathogenic rhizobacteria Bacillus 
sp. and Pseudomonas spp. have been the focus of some induced resistance studies of BCAs 
(Sticher et al., 1997).  
The efficacy of BCAs varies with different soil types, temperatures, amendments, 
application methods, and host genotypes (Glandorf et al., 2001; Saikia et al., 2009). Although 
BCAs exhibit high environmental sensitivity, the advantages of BCAs over chemical control, 
including low risk in developing single-site resistance and greater environmental sustainability, 
make BCAs an ideal control option (Nian, 2015). Most commonly used BCAs include 
Gliocladium virens for seedling diseases on ornamental plants, Trichoderma harzianum (F-Stop) 
for multiple soil-borne fungal pathogens, Agrobacterium radiobacter K-84 (Gallex) for crown 
gall, Pseudomonas fluorescens (Dagger G) for Rhizoctonia and Pythium damping-off, and 
Baccillus subtilis (Kodiak) for seed treatment (Agrios, 2005). Besides the commercially 
available BCAs, thousands of microorganisms have been reported to impair the growth of plant 
pathogens, and provide host protection against diseases. Lysobacter enzymogenes strain C3 
(LeC3), originally isolated from foliage of Kentucky bluegrass in Nebraska, is one of these 
antagonistic microorganisms (Giesler and Yuen, 1998). Previous studies in Dr. Zhao’s lab 
demonstrated LeC3’s efficacy against multiple fungal or oomycete pathogens on soybean, 
including S. sclerotiorum, F. virguliforme, C. sojina, M. phaseolina, P. sojae, Pythium 
sylvaticum, Rhizoctonia solani, and S. glycines in both lab and greenhouse conditions (Nian, 
2015).  
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1.3 Lysobacter enzymogenes 
1.3.1 L. enzymogenes belongs to the genus Lysobacter 
The genus Lysobacter, a Gram-negative gliding bacterium with high GC content (65-71%), 
is ubiquitous and has been isolated from diverse habitats including soil, fresh water, and even 
some extreme environments, such as hydrothermal vents, Mt Pinatubo mud flows and the 
anaerobic granules in an upflow anaerobic sludge blanket reactor (Hayward et al., 2010). The 
characteristic morphology of most Lysobacter species is yellow-orange colony (Wang et al., 
2013). Named after its remarkable lytic capability, the genus Lysobacter belongs to the family 
Xanthomonadaceae and was first proposed by Christensen and Cook in 1978, before which its 
isolates were misidentified as either myxobacteria Polyangium and Sorangium or phylogenetical 
relative Xanthomonas and Stenotrophomonas (Christensen and Cook, 1978; de Bruijn et al., 
2015; Hayward et al., 2010; Reichenbach, 2006). For example, LeC3 was once classified as 
Stenotrophomonas maltophilia strain C3 in early studies before its current reposition based on 
the combined taxonomic methods of 16S rRNA phylogenetic analysis, cellular fatty acid 
analysis, and key phonotypic characteristics in 2003 (Hayward et al., 2010; Sullivan et al., 2003).  
Lysobacter was first noted as a source of lytic enzymes with biodegradation abilities in 
organic matter recycling (Vontigerstrom, 1980). Well-studied enzymes synthesized by L. 
enzymogenes include phosphatase, α-lytic protease, chitinase, nucletic acid hydrolase, 
endoproteinase LysC, esterase, amylase, and β-lactamase. Among them, endoproteinase LysC, a 
peptide bond hydrolyzer at the carboxyl side of lysine residues, is currently commercially 
available for protein sequencing researches (Jekel et al., 1983; Vontigerstrom, 1980, 1984; 
Vontigerstrom and Boras, 1990). Besides the production of extracellular enzymes, Lysobacter is 
also characterized by high GC content (65-72%) and gliding motility (Christensen and Cook, 
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1978). In the late 1990’s, Lysobacter species were found to exhibit antagonism against multiple 
pathogens such as fungi, oomycetes, nematodes, and bacteria, and then emerged as a novel BCA  
against plant diseases (de Bruijn et al., 2015; Koenning and Wrather, 2010; Wang et al., 2013). 
Thereafter, studies of the natural products produced by Lysobacter spp. revealed a series of 
antibiotics and other bioactive secondary metabolites, including lysobactin, katanosin A, WAP-
8294As, tripropeptins, a heat-stable antifungal factor (HSAF), and cephabacins, making the 
genus a potential producer for promising drugs (Xie et al., 2012).  
Comparative genomic analysis of four Lysobacter species, i.e. L. enzymogenes, L. 
antibioticus, L. capsici, and L. gummosus, revealed genus diversity with a core genome of 2,891 
coding sequences (Figure 1.1). For example, type VI secretion systems (T6SSs) are only present 
in L. gummosus and L. enzymogenes, with one T6SS in the former and two separate T6SS 
clusters in the latter. In addition, although various polyketide synthase (PKS) and nonribosomal 
peptide synthase (NRPS) biosynthesis gene clusters are found, only few of them are shared 
between different species (de Bruijn et al., 2015). Diverse genome content results in versatile 
metabolic and physiological potential estimated by MAPLE (Metabolic and Physiological 
Potential Evaluator), which uses functional models defined by KEGG (Kyoto Encyclopedia of 
Genes and Genomes) containing 255 pathways, 284 complexes, 149 functional sets, and 40 
signatures. Among the 4 species, most patterns are similar except 7 pathways, 10 structural 
complexes, and 7 functional sets. Some of these exceptions are involved in the biosynthesis or 
metabolism of amino acid, terpenoid, and carbohydrate, others are related with regulation or 
transportation (Takami et al., 2017).  
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1.3.2 L. enzymogenes serves as a BCA 
Among known species in genus Lysobacter, L. enzymogenes is the best studied one (Zhang 
et al., 2014). As potential BCAs, several strains of L. enzymogenes have been proven in their 
antagonism against multiple pathogens, including fungi, oomycetes, nematodes, and bacteria 
(Takami et al., 2017). Strain N4-7 is capable of suppressing summer patch on turf grass caused 
by ascomycete fungus Magnaporthe poae (Donald Y. Kobayashi, 1996). Strain C3 (LeC3), the 
most studied isolate of L. enzymogenes, can suppress brown patch on tall fescue caused by 
fungus Rhizoctonia solani Kiihn, leaf spot on tall fescue caused by fungus Bipolaris sorokiniana, 
bean rust caused by fungus Uromyces appendiculatus, Fusarium head blight (FHB) on wheat 
caused by fungus Fusarium graminearum (telemorph = Gibberella zeae), Pythium damping-off 
on sugar-beet, sugar-beet cyst caused by nematode Heterodera schachtii, root-knot caused by  
nematode Meloidogyne javanica, root lesion caused by nematode Pratylenchus penetrans, and 
eight fungal/oomycete soybean diseases caused by S. sclerotium, F. virguliforme, C. sojina, M. 
phaseolina, P. sojae, P. sylvaticum, R. solani, and S. glycines (Chen et al., 2006; Giesler and 
Yuen, 1998; Jochum et al., 2006; Nian, 2015; Palumbo et al., 2005; Yuen et al., 2001; Zhang and 
Yuen, 1999). Strain 3.1T8, an isolate from cucumber rhizosphere, showed in vitro antagonism 
against 13 phytopathogenic fungi/oomycetes belonging to species Rhizoctonia, Fusarium, 
Didymella, Cladosporium, Verticillium, or Phytophthora on various hosts, including cucumber, 
radish, tomato, cucumber, gherkin, and pepper (Folman et al., 2003). Strain OH11, an isolate 
from the rhizosphere of green pepper in China, showed high level of antibiosis against fungi S. 
sclerotiorum, R. solani, as well as Gram-positive phytopathogenic bacterium Clavibacter 
michiganensis in plate assays (Qian et al., 2009; Zhang et al., 2014).  
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Extracellular enzymes produced by L. enzymogenes play essential roles in its biocontrol 
process. Chitinases purified from LeC3 culture fluid exhibited inhibition against the germination 
and growth of B. sorokiniana spore (Zhang et al., 2001). In addition, chitinase-deficient mutants 
of LeC3 showed decreased antifungal efficacy in their suppression against the development of 
leaf spots caused by B. sorokiniana (Zhang and Yuen, 2000). Besides chitinase, β-1.3-glucanase 
is another extracellular lytic enzyme secreted by L. enzymogenes, contributing to the cell wall 
degradation of pathogenic fungi/oomycetes. Strain G123, a LeC3 mutant with mutation in all 
three glucanase genes (gluA, gluB, and gluC), was significantly impaired in its biocontrol 
efficacy against Pythium damping-off on sugar-beet and Bipolaris leaf spot on tall fescue 
(Palumbo et al., 2005).  
Consistent with common mechanisms employed by most BCAs, induced resistance is 
another biocontrol mechanism used by L. enzymogenes. Live or heat-killed LeC3 cell application 
to tall fescue roots resulted in systemic resistance expressed in foliage through reduced 
germination of B. sorokiniana and decreased disease-severity (Kilic-Ekici and Yuen, 2003). 
Recent genome analysis provides a possible explanation for the resistance of tall fescue induced 
by LeC3 cells, i.e. the presence of non-functional flagellar apparatus components (de Bruijn et 
al., 2015). In addition, direct attachment of L. enzymogenes to fungal mycelium leads to its 
pathogenic infection into the pathogens, providing another probable biocontrol mechanism 
(Wang et al., 2014).   
Besides parasitism, induced resistance, and possible pathogenic infection into pathogens, 
antibiosis is also utilized by L. enzymogenes. HSAF (dihydromaltophilin), a novel antifungal 
compound isolated from LeC3 culture supernatant, exhibits potent inhibition against various 
fungal pathogens by disrupting the biosynthesis of a distinctive group of sphingolipids, which are 
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essential for filamentous fungi in polarized growth and appear to be not present within mammal 
and plant cells (Lou et al., 2011; Yu et al., 2007). Another small-molecule natural product (NP) 
produced by L. enzymogenes is WAP-8294A2, a cyclic lipodepsipeptide. WAP-8294A2 exhibits 
potent anti-methicillin-resistant Staphylococcus aureus (anti-MRSA) activity and used to be 
produced by Gram-positive Streptomyces (Zhang et al., 2011). The user-friendly WAP-8294A2 
producer L. enzymogenes is gaining exploratory attentions. The biosynthetic gene cluster, and 
several regulators within strain OH11 have been identified and characterized, setting foundation 
for the biosynthetic engineering in this new source (Chen et al., 2015; Zhang et al., 2014; Zhang 
et al., 2011). Altermide B (ATB), another polycyclic tetramate macrolactam (PTM) isolated from 
LeC3 besides HSAF, induces apoptosis in human pathogen yeast Canadida albicans by 
inhibiting tubulin polymerization and further causing ROS (reactive oxygen species) production 
(Ding et al., 2016). Chemical structures of HSAF, WAP-8294A2, and ATB are shown in Figure 
1.2. Recently, an as-yet-unidentified heat-stable degrading metabolite (HSDM) was discovered 
to exhibit degrading activity on the hyphae of F. graminearum strain PH-1, the causal agent of 
FHB (Odhiambo et al., 2017).  
 
1.3.3 Molecular studies of regulatory systems in L. enzymogenes 
Research progress of L. enzymogenes has been made in elucidating the molecular 
mechanisms for the biosynthesis of antibiotics and extracellular enzymes, as well as other 
important phenotypes in its biocontrol activities such as yellow pigment accumulation (Lou et 
al., 2011; Palumbo et al., 2005; Wang et al., 2013; Zhang et al., 2011). Further molecular studies 
revealed that L. enzymogenes requires a multitude of regulatory systems to modulate the above-
mentioned characteristics.  
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1.3.3.1 LeClp global regulator  
In L. enzymogenes, LeClp (cAMP receptor-like protein) regulator exhibits specific 
interaction with 3’,5’-cyclic diguanylic acid (c-di-GMP), a secondary bacterial messenger. This 
mechanism is different with its relative plant pathogen Xanthomonas campestris pv. campestris 
(Wang et al., 2014). In X. campestris pv. campestris, Clp, depending on two transcriptional 
factors Zur and Fhr, works either (i) as a global regulator to regulate diffusible signal factor 
(DSF)-controlled genes responsible for the biosynthesis of extracellular enzymes, 
exopolysaccharide (EPS), and flagellum; or (ii) in DSF-independent way to modulate the 
formation of biofilm (He et al., 2007). Nevertheless, in the genome of plant beneficial bacteria L. 
enzymogenes strain OH11, homologue of the TetR-type transcriptional factor Fhr was not 
present. Moreover, Zur homologue was also not part of the LeClp regulon based on the 
transcriptomic data, suggesting that L. enzymogenes might utilize a mechanism different from X. 
campestris pv campestris in Clp signaling pathways (Wang et al., 2014).  
Transcriptomic analysis demonstrated the role of LeClp as a global regulator by 
influencing the expression of 775 genes, belonging to 19 functional groups in L. enzymogenes 
(Wang et al., 2014). Phenotypically, the LeC3 mutant with single mini-Tn5-lacZ1-cat transposon 
in clp gene affected lytic enzyme production, antimicrobial and biocontrol activities (Kobayashi 
et al., 2005). Further work was carried out to determine how LeClp regulates the secretion of 
extracellular chitinase, and results showed that LeClp controls chitinase production by directly 
binding to the promoter region of chinase biosynthesis gene (chiA) to regulate chiA transcription 
(Xu et al., 2016). Besides affecting lytic, antimicrobial, and biocontrol activities, recent studies 
revealed LeClp signaling pathway also plays regulatory roles in surface motility as well as 
biosynthesis of two antibiotics: HSAF and WAP-8294A2. Gene deletion of clp resulted in no 
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HSAF production (Han et al., 2015). Moreover, Lysobacter acetyltransferase (Lat) was recently 
identified to be regulated by LeClp and involved in HSAF production, but not in surface motility 
or WAP-8294A2 biosynthesis, indicating that LeClp independently regulates secondary 
metabolite biosynthesis and surface motility (Wang et al., 2014).  
 
1.3.3.2 Quorum sensing regulatory system  
Quorum sensing (QS) is a cell-density-dependent cell-cell communication pathway 
used by bacteria to achieve the coordination of gene expression in response to the neighboring 
microorganisms as well as other eukaryotic hosts (Patankar and Gonzalez, 2009). QS has been 
reported to be involved in a multitude of bacterial phenotypes, including biosynthesis of 
secondary metabolites, motility, formation of biofilm, virulence, and symbiosis (Miller and 
Bassler, 2001). The most common QS signals produced by Gram-negative bacteria are N-acyl 
homoserine lactones (AHLs) (Miller and Bassler, 2001). Typical AHL-response QS regulatory 
system, as first identified in marine bioluminescent Gram-negative bacterium Vibrio fischeri, is 
composed of two proteins from LuxI and LuxR families, respectively. LuxR, composed of one 
AHL-binding domain and one helix-turn-helix DNA-binding motif, is a response regulator; 
whereas LuxI is responsible for the synthesis of AHL signals (Fuqua and Greenberg, 2002). In 
the genome of L. enzymogenes strain OH11, a solo LuxR protein (LesR) was identified without 
genetically linked protein from the LuxI family (Qian et al., 2014). Similar solo LuxR proteins 
were also identified from other bacterial genomes, such as Salmonella enterica and Escherichia 
coli (Ahmer, 2004). Previous experimental evidence demonstrated that proteins from another 
luxR-family subgroup could regulate the transcription of target genes in reaction to the 
exogenous AHL signals from neighboring bacterial cells (Hughes et al., 2010). In L. 
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enzymogenes, overexpression of the solo LuxR protein, LesR, led to significantly decreased 
HSAF biosynthesis and antimicrobial activities. Simultaneously, overexpression of LesR also 
induced yellow pigment production and accelerated the aggregation of cells, suggesting that  
LesR from L. enzymogenes has regulatory abilities in HSAF biosynthesis, cell aggregation, and 
yellow pigment production (Qian et al., 2014). Recently, comparative proteomic approaches 
were used to identify LesR targets and revealed that LesR could influence the expression of a 
total of 33 proteins. Among them, TBDR7, a protein from TonB-Dependent receptor family 
whose fundamental role is related to nutrient uptake, was found to play an important role in the 
regulation of HSAF biosynthesis. The tbdr7 in-frame deletion mutant almost abolished HSAF 
production (Wang et al., 2016). In addition, diffusible factor (DF)-mediated cell-to-cell signaling 
system also seemed to be involved in LesR regulation over pigment production and cell 
aggregation (Qian et al., 2014).  
Besides AHLs, some bacteria have evolved to synthesize other diffusible QS signals: 
diffusible factor (DF) and diffusible signal factor (DSF). In model phytopathogen X. campestris 
pv. campestris, the pteridine-dependent enzyme XanB2 is responsible for the production of the 
two DF signals, 3-HBA (hydroxybenzoic acid) and 4-HBA, from the hydrolysis of chorismate, 
the end-product of the shikimate pathway (Zhou et al., 2013). X. campestris pv. campestris 3-
HBA is involved in the regulation of the biosynthesis of a protective pigment xanthomonadin, 
whereas 4-HBA plays major roles in the biosynthesis of coenzyme Q8 (CoQ8). Overlaps exist in 
3-HBA and 4-HBA modulatory function in survival, virulence, and antioxidant activity in X. 
campestris pv. campestris (Zhou et al., 2013). In the genome of L. enzymogenes strain OH11, a 
homologous chorismatase of XanB2, LenB2 was identified. Similarly, LenB2 uses chorismate as 
the substrate to complete the production of 4-HBA and 3-HBA (Su et al., 2017). Previous 
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experimental evidence proved that DF signaling system was important in regulating HSAF 
production and recent studies showed that 4-HBA, rather than 3-HBA, was required for HSAF 
biosynthesis (Figure 1.3). 4-HBA indirectly regulates the expression of HSAF biosynthesis by 
interacting with a transcription factor from LysR-family, LysRLe, which could directly bind the 
promoter region of HSAF gene and then regulate HSAF production (Su et al., 2017). Besides the 
production of HSAF and yellow pigment, DF-mediated QS regulatory system of L. enzymogenes 
also acts as a global regulatory system in controlling the expression of 138 genes, belonging to 
12 function groups based on the results of transcriptomic studies; however, the number of genes 
regulated by the DSF-mediated QS regulatory system can reach a total of 337 (Qian et al., 2014).  
DSF is another autoinducer used in the cell-to-cell signaling system found in L. 
enzymogenes. In X. campestris pv. campestris where DSF was initially identified, the regulation 
of pathogenicity factor (rpf) gene cluster encodes the DSF-mediated QS regulatory system. A 
putative enoyl coenzyme A hydratase, encoded by rpfF, which catalyzes DSF biosynthesis; 
while the two-component signal transduction system (TCS) RpfC-RpfG is responsible for the 
sensing and transduction of DSF signals (Cai et al., 2017; He et al., 2006). Before studies of DSF 
signaling system in L. enzymogenes, phenotypes linked with DSF signaling include motility, 
virulence, biofilm formation, as well as the production of extracellular polysaccharide (EPS) and 
extracellular enzymes (Qian et al., 2014). The rpf-like cluster harbored by L. enzymogenes strain 
OH11 showed a high similarity to rpf cluster in X. campestris pv. campestris and RpfOH11 could 
complement the protease-deficient phenotype of X. campestris pv. campestris rpfF deletion 
mutant, indicating the functional similarity between RpfOH11 and RpfXcc. In L. enzymogenes, rpfF 
deletion mutant abolished HSAF production, suggesting the critical role of Rpf/DSF signaling 
system in HSAF production (Qian et al., 2014). Recently, LeDSF3, a fatty acid-derived DSF was 
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isolated from the culture broth of L. enzymogenes. Exogenous addition of LeDSF3 increased the 
transcription of HSAF biosynthesis genes, HSAF production, and antifungal activities. 
Interestingly, LeDSF3 signaling is mediated by not only TCS RpfC-RpfG, but also global 
regulator LeClp (Han et al., 2015). Besides HSAF biosynthesis, Rpf/DSF signaling system of L. 
enzymogenes also played essential roles in regulating colony morphology. The rpfFOH11 mutant 
exhibited dry and wrinkly colony which was different from the smooth colony of the wild-type 
strain OH11(Qian et al., 2013).  
 
1.3.3.3. Pilus regulators  
Gliding motility is regarded as one of the essential taxonomic characteristics of 
Lysobacter strains (Christensen and Cook, 1978). Recent experimental and comparative 
genomics studies revealed the high correlation between Type IV pilus (T4P, i.e. a thin and hair-
like appendage composed of PilA pilin subunits) fimbria formation and the ‘gliding’ motility of 
Lysobacter. These results support the use of the term ‘twitching motility’, which represents the 
bacterial surface movement via pili, rather than the ‘gliding motility’, which requires focal 
adhesion complexes (de Bruijn et al., 2015; Zhou et al., 2015). Besides the possible application 
in taxonomy, T4P-mediated twitching motility is also important for the pathogenesis of L. 
enzymogenes on fungal pathogens. In this regard, attachment and infection of L. enzymogenes to 
fungal hyphae were highly dependent on T4P production (Patel et al., 2011).  
In Psedomonas aeruginosa, pil gene cluster (Figure 1.4) is responsible for the 
regulation of twitching motility and other T4P-related phenotypes including virulence and 
competence for DNA uptake (Andersen et al., 2002; Bertrand et al., 2010; Tonjum et al., 1995; 
Whitchurch et al., 2004). PilG of P. aeruginosa, which is involved in receiving signals from 
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sensor proteins by its phosphoryl receiver domain (REC), is a component of chemosensory 
system which regulates the T4P biosynthesis as well as its extension and retraction (Bertrand et 
al., 2010; Darzins, 1993; Mattick et al., 1996). In P. aeruginosa, PilJ is responsible for sensing 
changes in concentration of repellent and attractant; whereas the hybrid TCS ChpA (a.k.a. PilL) 
is involved in kinase activity, phosphate group transfer, and response regulation to the REC of 
ChpA, PilH, and PilG. In addition, PilI is critical for the regulation of ChpA auto-
phosphorylation activity (Sampedro et al., 2015). In L. enzymogenes, only PilG and ChpA play 
critical roles in the regulation of twitching motility. Mutation of pilG in strain C3 and mutation 
of chpA in strain OH11 both abolished wild-type twitching motility (Zhou et al., 2017; Zhou et 
al., 2015). Besides affecting T4P-dependent motility, mutation of pilG also increased HSAF 
production (Zhou et al., 2015). In addition, transcriptomic analyses of chpA deletion mutant of 
strain OH11 suggested that ChpA is broadly involved in controlling the expression of 243 genes 
(Zhou et al., 2017).  
A comprehensive study of the effect of all 45 predicted response regulators of TCSs in 
L. enzymogenes strain OH11 on HSAF production revealed the critical roles of another pilus 
regulator, PilR. In L. enzymogenes, PilR regulated pilus synthesis traditionally by binding to the 
promoter region of pilA and increasing the expression of pilA. In pilR deletion mutant in which 
HSAF production was almost abolished, the concentration of intracellular second messenger 
cyclic di-GMP (c-di-GMP) significantly increased, which could be recognized as the inhibitory 
signal for HSAF biosynthesis. A proposed model illustrates the dual regulation of PilR in L. 
enzymogenes (Figure 1.5): PilR, together with its cognate PilS histidine kinase, forms a TCS. 
Upon PilS activation, PilR activates the transcription of PilA and promotes T4P-mediated 
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twitching motility. On the other hand, PilR influences the synthesis/degradation of c-di-GMP and 
further indirectly influences of the transcription of HSAF biosynthesis genes (Chen et al., 2017).  
 
1.3.3.4 Other regulators  
Hfq, the conserved RNA chaperon which can bind AU-rich region of target mRNA and 
promote the pairing of small RNA and mRNA, serves as a global post-transcriptional regulator 
(Wang et al., 2012). In addition, the ability of Hfq to directly bind DNA, tRNA, and proteins 
revealed by recent studies suggested that Hfq can also serve as a transcriptional regulator in 
some cases (Butland et al., 2005; Lee and Feig, 2008; Wang et al., 2012). In L. enzymogenes, 
Hfq played a pleiotropic role in the regulation of WAP-8294A2 biosynthesis and extracellular 
enzyme activities. The hfq mutant significantly increased WAP-8294A2 production, but 
simultaneously impaired the activities of extracellular chitinase, protease, and cellulase activities 
(Xu et al., 2015). Recently, a search of transcriptional factors (TFs) that could direct bind to the 
promoter region of HSAF biosynthesis gene operon (pHSAF) among 87 TFs from L. 
enzymogenes strain OH11 identified a TF from TetR family, LetR. The direct binding between 
LetR and pHSAF was verified by gel mobility shift assays. Deletion of letR in the strain OH11 
led to the increase of HSAF biosynthesis, whereas letR overexpression reduced HSAF 
production. Therefore, LetR is a negative regulator of HSAF production (Wang et al., 2017).  
 
1.4 Research objectives 
Since L. enzymogenes stain C3 is a potential biocontrol agent against multiple soybean 
fungal pathogens, we would like to further understand the molecular mechanisms involving in 
the interaction between LeC3 and fungal pathogens, we propose to:   
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(1) identify genes involved in LeC3 antagonism against fungal pathogens; and   
(2) characterize those genes involved in LeC3 antagonism against fungal pathogens.  
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1.5 Figures 
 
Figure 1.1 Genomic diversity of Lysobacter strains. The total number of coding sequences 
(CDSs) analyzed is 32019. Core genome is in the center shown by the number of CDSs shared 
by all Lysobacter strains. Overlapped regions represent the number of CDSs conserved within 
the specified genomes. Non-overlapped ovals are number of CDSs unique to individual strain. 
Below each strain name is the total number of protein CDSs within each genome (de Bruijn et 
al., 2015). 
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Figure 1.2 Chemical structures of selected natural products produced by L. enzymogenes 
with antimicrobial activities: HSAF (A), WAP-8294A2 (B), and ATB (C) (Ding et al., 2016; 
Lou et al., 2011; Zhang et al., 2011). 
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Figure1.3 Working model for the role of LenB2 in L. enzymogenes. LenB2 uses chorismate 
as the substrate to complete the production of 4-HBA (hydroxybenzoic acid) and 3-HBA. 4-HBA 
indirectly regulates the expression of HSAF biosynthesis by interacting with a transcription 
factor from LysR-family, LysRLe, which could directly bind the promoter region of HSAF gene 
(pHSAF) and then regulate HSAF production. In addition, 3-HBA is involved in the production 
of Lysobacter pigment. IM, inner membrane. OM, outer membrane (Su et al., 2017).  
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Figure 1.4 Comparison of the pil regulatory cluster between L. enzymogenes strain OH11 
and P. aeruginosa. Identity and e-value of each L. enzymogenes proteins in comparison with P. 
aeruginosa counterpart were shown. For each gene, the identities and sizes at amino-acid and 
nuclear-acid levels were marked (Zhou et al. 2015). 
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Figure 1.5 Proposed dual regulatory model of L. enzymogenes PilR. PilR, together with its 
cognate PilS histidine kinase, forms a TCS. In response to the activation of PilS, PilR activates 
the transcription of pilA and promotes T4P-mediated twitching motility. On the other hand, PilR 
influences the synthesis/degradation of c-di-GMP through X system and indirectly influences the 
transcription of HSAF biosynthesis genes lafB through an unknown transcription factor (Y) 
(Chen et al., 2017). 
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CHAPTER 2  
IDENTIFICATION OF GENES IN ANTAGONISM AGAINST SOYBEAN FUNGAL 
PATHOGENS BY LYSOBACTER ENZYMOGENES STRAIN C3  
2.1 Abstract  
Lysobacter enzymogenes strain C3 (LeC3) is a potential biocontrol agent for various 
fungal, oomycete, bacterial, and nematode plant diseases. Previous studies in our laboratory 
showed successful biocontrol ability of LeC3 against eight fungal/oomycete pathogens on 
soybean plants; however, its control efficacy needs to be improved for field-based disease 
control. Therefore, understanding the molecular mechanism of LeC3 antagonism against plant 
pathogens will be beneficial for the improvement of its biocontrol efficacy. In this study, a 
library containing 948 transposon-insertion mutants of LeC3 was generated and screened to 
identify genes associated with LeC3 antagonism against fungal pathogens. Using the white mold 
pathogen, Sclerotinia sclerotiorum as an indicator, 141 mutants exhibited more than 40% 
decrease in inhibiting hyphae growth of the pathogen. Among them, 74 mutants no longer 
inhibited S. sclerotiorum hyphae growth. The insertion sites for 50 out of these confirmed 
mutants were determined by inverse or RATE PCR and sequencing. Analysis of the distribution 
of insertion sites in LeC3 genome revealed the importance of three regions in LeC3 antagonism 
against S. sclerotiorum hyphae growth, i.e. the virD4-virB1-11 type IV secretion system (T4SS) 
gene complex, the lafB-heat stable antifungal factor (HSAF) biosynthesis gene cluster, and the 
cysH operon. Nine mutants of the 50 mutants were selected for further characterization (See 
Chapter 3).  
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2.2 Introduction  
Soybean fungal diseases reduce crop yields under favorable environmental conditions and 
lead to economic losses. Therefore, effective management is required to control fungal diseases. 
The ideal method for plant disease controls is to use resistant varieties which could prevent 
diseases from happening; however, direct protection methods should also be applied if other 
methods are impossible to prevent a serious epidemic. Application of fungicide is a common 
disease control method. Although effective, the increased public safety concerns about food and 
water contamination by fungicides and the widespread development and occurrence of 
phytopathogen fungicide resistance call for a more sustainable and environmentally friendly 
control method, such as biological control. In biological control, the development of introduced 
antagonistic microorganisms is involved in the mitigation of plant pathogens (Baker, 1987; 
Cook, 1993).  
Besides environmental sustainability, low risk in developing single-site fungicide 
resistance is another advantage of biocontrol agents (BCAs). Since the 1970’s, with the wide 
application of systemic fungicides which inhibits plant pathogens by targeting only one or a few 
metabolic steps, fungal pathogens can easily develop fungicide resistance through simple single 
mutation and population selection (Agrios, 2005). Based on the resistance assay results of 
samples collected from soybean-producing areas in Louisiana, 89% of Cerocospora kikuchii 
isolates - which causes purple seed stain on soybean – have developed fungicide Quinone outside 
Inhibitors (QoI) resistance in 2011-2013, whereas the percentage was 0 in 2000 (Price et al., 
2015). For BCAs, previous studies summed up four biocontrol mechanisms: (1) parasitism which 
inhibits plant diseases by secreting extracellular enzymes, resulting in the lysis of pathogenic 
organisms (ElTarabily et al., 1996); (2) antibiosis which employs the production of antibiotics 
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and other pathogen-suppressed secondary metabolites (Whipps, 2001); (3) competition which is 
related with limited space, scarce nutrition resources, and different nutrition-absorbing structures 
(Loper and Henkels, 1999); (4) activation of host-plant defense genes, which primes the plant to 
establish self-tolerance against phytopathogens (Sticher et al., 1997). The various anti-pathogen 
mechanisms involve a multitude of metabolic processes, reducing the risks of pathogens in 
developing resistance to BCAs.  
Environmental sustainability and low risks in developing single-site resistance make BCAs 
an ideal control option; however, the shortcoming for BCAs is their environmental sensitivities. 
It has been reported that BCAs exhibited diverse efficacy in conditions with different soil types, 
temperatures, amendments, and application methods (Mukherjee and Raghu, 1997; Saikia et al., 
2009). Other limitations due to the ephemerality of BCAs include their efficacy dependence on 
host plants/other native microbes, the requirement of constant application, and the temporal shelf 
life (Davet and Roure, 1986; Glandorf et al., 2001; Hjeljord et al., 2000; Papavizas, 1985). BCAs 
and disease-resistant cultivars share similar environment-dependent characteristics (Cook, 1993). 
In this case, the environmental dependence can be considered a trait rather than disadvantage 
(Nian, 2015). Most commonly used BCAs include Gliocladium virens for seedling diseases on 
ornamental plants, Trichoderma harzianum for multiple soil-borne fungal pathogens, 
Agrobacterium radiobacter strain K-84 for crown gall, Baccillus subtilis for seed treatment, and 
Pseudomonas fluorescens for Rhizoctonia and Pythium damping-off (Agrios, 2005). In recent 
years, some Gram-negative bacteria from the genus Lysobacter emerged as novel BCAs against 
plant pathogens (Wang et al., 2013).  
The genus Lysobacter is ubiquitous and exists in soil and aquatic environments, as well as 
some extreme conditions including hydrothermal vents, volcanic ash, tar pits, and compost 
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sludge (Christensen and Cook, 1978; Reichenbach, 2006; Sullivan et al., 2003). The genus 
belongs to the family Xanthomonadaceae and was first proposed by Christensen and Cook in 
1978, before which its isolates were misidentified as either myxobacteria Polyangium and 
Sorangium or phylogenetical relative Xanthomonas and Stenotrophomonas (de Bruijn et al., 
2015; Hayward et al., 2010; Reichenbach, 2006). Lysobacter was first noted as a source of lytic 
enzymes with biodegradation abilities in organic matter recycling (Vontigerstrom, 1980). In the 
late 1990’s, it was discovered to exhibit antagonism against multiple phytopathogens and 
emerged as novel BCAs against plant diseases (Koenning and Wrather, 2010; Wang et al., 2013).  
Thereafter, studies of the natural products produced by Lysobacter spp. made the genus a 
potential producer of promising drugs (Xie et al., 2012).  
Among known Lysobacter species, L. enzymogenes is the best studied (Zhang et al., 2014). 
L. enzymogenes strain N4-7, C3, 3.1T8, OH11, as well as many other strains in this species have 
been reported to exhibit inhibitory abilities against multiple plant pathogens (Takami et al., 
2017). As the most studied strain in this species, L. enzymogenes strain C3 (LeC3), which was 
isolated from Kentucky bluegrass foliage in Nebraska in 1998, can suppress brown patch on tall 
fescue caused by fungus Rhizoctonia solani Kuhn (Giesler and Yuen, 1998), leaf spot on tall 
fescue caused by fungus Bipolaris sorokiniana (Zhang and Yuen, 1999), Pythium damping-off 
on sugar-beet (Palumbo et al., 2005), bean rust caused by fungus Uromyces  appendiculatus 
(Yuen et al., 2001), Fusarium head blight (FHB) on wheat caused by fungus Fusarium 
graminearum (Jochum et al., 2006), sugar-beet cyst caused by nematode Heterodera schachtii, 
root-knot caused by nematode Meloidogyne javanica, and root lesion caused by nematode 
Pratylenchus penetrans (Chen et al., 2006). Moreover, previous research in our lab confirmed 
the broad spectrum of LeC3 in vitro antagonism against eight fungal or oomycete pathogens on 
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soybeans, including Sclerotinia sclerotiorum, Fusarium virguliforme, Cerocospora sojina, 
Macrophomina phaseolina, Phytophthora sojae, Pythium sylvaticum, Rhizoctonia solani, and 
Septoria glycines. LeC3 exhibited inhibitory activities against their hyphae growth or spore 
germination. Test tube assays showed that LeC3 seed treatment helped improve plant mass 
against F. virguliforme, P. sojae, P. sylvaticum, and R. solani. Spray/seed treatments of LeC3 in 
the greenhouse settings showed biocontrol abilities of LeC3 against several soybean diseases 
including sudden death syndrome (SDS) caused by F. virguliforme, seedling blight and root rot 
caused by R. solani, white mold/stem rot caused by S. sclerotiorium, and frogeye leaf spot 
caused by C. sojina. However, compared with LeC3 spray treatment on detached soybean leaves, 
the biocontrol efficacy of LeC3 direct treatment on host plants was much lower (Nian, 2015). 
Thus, molecular information is needed to improve LeC3 biocontrol efficacy for practical 
application via bioengineering.  
Molecular studies of L. enzymogenes biocontrol mechanisms have been carried out for 
almost twenty years, some progresses have been made. For example, the biosynthesis gene 
clusters of biocontrol-essential antibiotics and extracellular enzymes including chitinase, β-1,3-
glucanase, HSAF (heat-stable antifungal factor), and WAP-8294A2 have already been identified 
and characterized (Palumbo et al., 2005; Qian et al., 2012; Yu et al., 2007; Zhang et al., 2011). In 
addition, a multitude of regulation systems within L. enzymogenes were found to be involved in 
the modulation of its biocontrol-related characteristics, such as the Clp global regulator and 
quorum sensing regulator systems mediated by DSFs (diffusible signal factors) or DFs 
(diffusible factors) (Kobayashi et al., 2005; Qian et al., 2013). Moreover, the complete genome 
sequence of LeC3 is currently available at NCBI (National Center for Biotechnology Information 
https://www.ncbi.nlm.nih.gov/genome/). Although research progress has been made in 
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elucidating the molecular mechanisms for the biocontrol activities of L. enzymogenes, its whole 
picture of regulatory systems is far from complete. In this study, in order to identify more genes 
involved in its antifungal activities, we generated a transposon mutant library of LeC3, screened 
the library using soybean white mold pathogen S. sclerotiotium, and identified genes that are 
required for LeC3 in inhibiting fungal hyphae growth or spore germination.  
 
2.3 Materials and methods  
2.3.1 Bacterial strains and growth conditions 
LeC3 used in this study was obtained from Dr. Gary Yuan from the University of 
Nebraska (Lincoln, NE) (Giesler and Yuen, 1998). 10% tryptic soy broth (TSB, 1.5 g/L tryptone, 
0.5 g/L soytone, and 0.5 g/L NaCl) or tryptic soy agar (TSA, TSB with 1.5 g/L agar) was used 
for routine culture of LeC3 and LeC3-derived mutants at 28ºC. One fourth potato dextrose agar 
medium (PDA, Becton Dickinson & Company, Sparks, MD, USA) was used to screen the 
mutant library. Bacteria were also cultured in Luria-Bertani (LB) medium as indicated. 
Antibiotics were added to the medium as required at the following concentrations, i.e. ampicillin 
(Amp) at 100 µg/ml, rifampicin at 20 µg/ml, kanamycin (Km) at 200 µg/ml for 10% TSA and 
100 µg/ml for LB.  
 
2.3.2 Preparation of competent cells 
An overnight bacterial culture of LeC3 was re-inoculated into 50 ml LB amended with 100 
µg/ml Km. After 12-hour shaking at 250 rpm at 28 ºC, the bacterial culture was put on ice for 30 
min and then cells were collected by centrifuge at 4000-rpm at 4 ºC for 10 min. The pellets were 
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washed with 30 ml cold 10% glycerol twice. The final pellets were resuspended in 750 µl 10% 
glycerol and separated into 150 µl aliquots. The competent cells were then stored at -80 ºC.  
 
2.3.3 Construction of LeC3 mutant library using transposon mutagenesis 
LeC3 mutants were generated using the EZ-Tn5TM <KAN-2> Tnp TransposomeTM Kit 
according to the manufacturer’s instruction (Epicentre, Madison, WI, USA). The EZ-Tn5 
transposome is a stable complex composed of EZ-Tn5 transposase and transposon and can be 
electroporated into living cells where transposase is activated resulting in the random insertion of 
transposons into the host genomic DNA (Goryshin et al., 2000). Structures of EZ-Tn5 transposon 
is shown in Figure 2.1, i.e. two 19-bp mosaic end sequences (MEs) as transposase recognition 
sequence in transposition flanks the kanamycin resistance cassette (KANR) which works as a 
selection marker. A standard protocol provided by Epicentre with a few modifications was used 
in the generation of LeC3 mutant library. Briefly, 1 µl of the EZ-Tn5 transposome was 
electroporated into LeC3 competent cells using the Bacteria setting of Micropulser (Bio-Rad, 
Hercules, CA, USA). SOC medium (20 g/L trptone, 5 g/L yeast extraction, 1.2 g/L MgSO4, 0.95 
g/L MgCl2, 3.6 g/L glucose, 0.585 g/L NaCl, and 0.186 g/L KCl) was then added into the cuvette 
to recover the electroporated cells. After 3-hour growth at 250 rpm, bacterial cells were plated 
onto 10% TSA plates containing ampicillin, rifampicin, and kanamycin. After 2-3 days, 
transposon mutants grew out as single colonies were picked, grown in 96-well plates, and stored 
by adding glycerol before being put into -80 ℃. To confirm the mutant library, transposon 
insertion in a few selected mutants was determined by PCR using primer pair Tn5 KanF/R as 
listed in Table 2.1.  
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2.3.4 LeC3 mutant Library screening using dual culture assay  
Previously we showed LeC3 inhibited hyphae growth of S. sclerotiorum and other seven 
fungal/oomycete pathogens on plates (Nian, 2015). In this study, we chose to use the fast-
growing S. sclerotiorum as the indicator in library screening. As indicated in Figure 2.2, 5 mm-
diameter discs of S. sclerotiorum BF0934 isolate, originally obtained from Dr. Carl Bradley’s lab 
(University of Illinois, Urbana, IL), were placed in the center of ¼ PDA plate. Bacterial 
suspensions (5 µl at OD600 = 0.2) were placed 2.5 cm away from the fungal discs. After 3-day 
incubation at 28 ℃,  fungal hyphae reached plate edges and the diameters of inhibition zones 
around wild-type LeC3 or its derived mutants were measured. Mutants with reduced and no 
inhibition zones were selected and two more rounds of screening were performed for these 
mutants. Each selected mutant was assayed in triplicate. Confirmed mutants with reduced and 
no-inhibition zones were individually stored at -80 ºC.  
 
2.3.5 Identification of transposon insertion sites in selected LeC3 mutants 
The transposon insertion sites within selected mutants were identified by either inverse 
PCR (Ochman et al., 1988) or by the three-step RATE (random amplification of transposon 
ends) PCR as previously described (Dyer, 2002; Ochman et al., 1988). 
 
2.3.5.1 Identification of transposon insertion sites via inverse PCR 
For inverse PCR (Figure 2.3), genomic DNA was isolated using MasterPureTM 
Complete DNA and RNA Purification Kit following the manufacturer’s instruction (Epicentre, 
Madison, WI, USA). DNAs were digested with restriction enzyme PstI/PvuI. The digested DNA 
was ligated using T4 DNA ligase, and amplified using the primer pair KAN-2 FP-1/KAN-2 RP-1 
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for PstI digestion, and the primer pair PvuI left/KAN-2 RP-1 or PvuI right/KAN-2 FP-1 for PvuI 
digestion, as shown in Table 2.3. Major PCR fragments were purified from agarose gels using 
Wizard® SV gel and PCR Clean-Up System (Promega, WI, US) and sequenced at the University 
of Illinois at Urbana-Champaign (UIUC) core sequencing facility on Applied Biosystems 3730xl 
automated sequencers with 50cm capillary arrays. The location of the insertion sites was 
determined using BLAST searches against the complete LeC3 genome sequence at NCBI 
website.  
 
2.3.5.2 Identification of transposon insertion sites via RATE-PCR 
RATE procedure (Figure 2.4) was used as an alternative method to determine the 
insertion sites for LeC3 mutants if the inverse PCR failed (Clavijo et al., 2006). RATE is a three-
step PCR using single primer inv1 or inv2, as listed in Table 2.1. The 1st and 3rd steps use 
stringent annealing temperature and the 2nd step uses 30 ℃, which allows nonspecific 
amplification (Dyer, 2002). Detailed PCR conditions were presented in Table 2.2. Major PCR 
products were then purified from agarose gels using Wizard® SV gel and PCR Clean-Up System 
and sequenced at the UIUC core sequencing facility using nested primers KAN-2 RP-1 or KAN-
2 FP-1 from the EZ-Tn5TM <KAN-2> Tnp TransposomeTM Kit. The insertion sites were 
determined using BLAST search against the complete LeC3 genome sequence at NCBI website.  
 
2.4 Results  
2.4.1 Library screening using S. sclerotiorum 
A total of 948 mutants were stored and then screened for inhibiting hyphae growth of S. 
sclerotiorum as compared with that of the wild-type (WT) LeC3 at three days after inoculation 
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(DPI). The diameters of inhibition zones surrounding bacterial colonies, as illustrated in Figure 
2.2, were measured for all mutants and the WT strain. The WT strain was included in all 
screenings as control and its diameter was about 1.48 cm. The distribution of inhibition zones for 
all mutants with a range from 0 to 1.82 cm was presented in Figure 2.5. Among them, the 
diameters of the inhibition zone for 141 mutants were less than 0.9 cm, which was about 40% 
less than that of the WT. After two rounds of screening, among the 141 mutants, 74 mutants no 
longer inhibited the hyphae growth of S. sclerotiorum. To confirm the existence of transposon 
within mutants, PCR was performed for randomly selected 20 mutants using primer pairs Tn5 
KanF/R. As illustrated in Figure 2.6A, all selected mutants exhibited 1201-bp PCR products, 
whereas no such products can be seen in WT LeC3 (data not shown), proving the existence of 
transposon within these mutants.  
 
2.4.2 Determination of insertion sites of mutants which no longer inhibited S. 
sclerotiorum hyphae growth 
In order to determine the insertion sites for the mutants which no longer inhibited fungal 
hyphae growth, two PCR methods, inverse PCR and RATE PCR, were used. Using inverse PCR, 
the insertion sites of 32 mutants were identified, and 16 each by restriction enzyme PstI and 
PvuI, respectively (See Fig. 2.6B). For the remaining mutants, RATE successfully determined 
insertion sites for 18 mutants, 4 and 14 using primer inv1 and inv2, respectively (See Fig. 2.6C). 
Together, transposon insertion sites for 50 mutants which no longer inhibited the hyphae growth 
of S. sclerotiorum were determined and the insertion sites along with gene ID and annotation 
were listed in Table 2.3. We were unable to determine the insertion sites for the remaining 24 
mutants and therefore, these mutants were not considered further.  
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2.4.3 Confirmation of insertion sites  
In order to further confirm the insertion sites of the mutants, primers were designed based 
on the genes that were mutated (Table 2.1). PCR was performed for the 50 mutants using the WT 
as a control, which showed original size of the gene, whereas the mutants showed increased size 
(1.2kb of the Km) of PCR products (Fig. 2.6D). These results further demonstrated that the 
insertion sites determined by inverse PCR and RATE were correct.  
 
2.4.4. Summary of genes identified by transposon mutagenesis  
As listed in Table 2.3, among the genes identified, there are two lipoproteins (#39 and #40) 
and four transcriptional factors, two belonging to the TetR family (#12 and #25), one each from 
the ArsR (#18) and Rrf2 family (#20). Interestingly, several clustered genes were mutated in 
different mutants, including two type VI secretion system (T6SS) related genes (#7 and #8), two 
type IV secretion system (T4SS) component genes (#21 and #22), and one HSAF biosynthesis 
gene with two mutants (#26 and #27). Furthermore, there were nine mutants with insertions in 
one single region, composed of a hypothetical gene (GLE_5486), cysH gene (GLE_5487), and a 
gene encoding histidine kinase (GLE_5488), further indicating the reliability of our screening 
results and suggesting the importance of these genes/region in inhibiting S. sclerotiorum hyphae 
growth. In addition, other identified genes could be grouped into three categories depending on 
the functions of their predicted proteins using the standard of Clusters of Orthologous Groups 
database classification. These include (1) cellular processes and signaling, including diguanylate 
cyclase (#1), multiple antibiotic resistance(#28), and leukotriene A-4 hydrolase(#31); (2) 
information storage and processing, including DNA topoisomerase (#6), ribosomal protein(#14), 
and prolyl-tRNA synthetase (#29); (3) metabolism, including peptidase (#4), cytochrome c 
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oxidase (#5), hemolysin protein (#15), homoserine O-acetyl transferase(#23), transporter from 
major facilitator family(#34), glucose-6-phosphate dehydrogenase(#35), and phenol hydroxylase 
(#38). However, among the 50 identified insertion sites, 13 were in noncoding intergenic regions 
(IGRs) whose function remains unknown. Moreover, 15 mutated genes encoded hypothetical 
proteins. Considering the difficulty of molecular manipulation of LeC3, we selected nine mutants 
for further characterization (See chapter 3, Table 2.4).  
 
2.5 Discussion  
Several strains from the species L. enzymogenes have been considered as novel BCAs. 
Molecular mechanisms of their biocontrol activities have been partially illuminated; however, 
the whole picture of the molecular mechanism of L. enzymogenes as BCAs is far from complete 
and further studies are needed to provide guidance for genetic engineering of L. enzymogenes 
aiming at improving its biocontrol efficacy for practical field application. In this study, a library 
containing 948 LeC3 mutants was generated via transposon mutagenesis. Among the 948 
mutants, 141 exhibited significant decrease in inhibiting S. sclerotiorum hyphae growth. Among 
these mutants, 74 no longer inhibited hyphae growth of S. sclerotiorum and the insertion sites for 
50 mutants were determined. Among the genes identified, besides HSAF genes, several unique 
genes have been found to be important for fungal antagonism. Therefore, further characterization 
of these genes will provide new knowledge about LeC3 in inhibiting fungal hyphae growth or 
spore germination.   
From the distribution of the 50 identified insertion sites within the LeC3 genome (Figure 
2.7), insertion sites were clustered within three 3000-bp regions. These include (1) two within 
T4SS gene cluster around 3,200,000-bp; (2) two within the lafB gene, originally described as 
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hsaf pks/nrps, on the HSAF biosynthesis gene cluster around 3,600,000-bp; and (3) eight within 
a three-gene operon around 6,000,000-bp, encoding a hypothetical protein, a phosphoadenosine 
phosphosulfate (PAPS) reductase, and a histidine kinase family protein. Considering the 
randomness of the transposon used in this study (Clavijo et al., 2006; Dyer, 2002; Xia et al., 
2015), these results indicated the importance of these three regions in the inhibitory activities of 
LeC3 against white mold pathogen S. sclerotiorum. Previous studies have demonstrated the 
importance of the lafB gene, i.e. mutation in the lafB gene lost its ability to inhibit fungal growth 
(Yu et al., 2007). Recent studies revealed that the lafB gene encoded a hybrid polyketide 
synthase and nonribosomal peptide synthetase (PKS-NRPS), which catalyzes the essential 
reaction step of linking ornithine to polyketides in the biosynthesis of HSAF, the broad-spectrum 
anti-fungal antibiotic secreted by L. enzymogenes (Lou et al., 2011). Further molecular and 
chemical studies showed that small metabolites 4-hydroxybenzoic acid (4-HBA) and 13-
methyltetradecanoic acid (LeDSF3) could increase the transcription of the lafB gene, leading to 
increased HSAF production and probably improvement of biocontrol activities (Han et al., 2015; 
Su et al., 2017).  
T4SSs that are found in Gram-negative bacteria with versatile functions, including (1) 
conjugative transformation of transposons or plasmid DNA into a broad range of cells, (2) 
mediation of genetic exchange with milieu in some Gram-negative bacteria, and (3) delivery of 
macromolecular effectors (such as toxin and T-DNA) into eukaryotic cells (Fronzes et al., 2009). 
The Type IVA T4SSs (VirB-VirD4 conjugative system) consist of 12 proteins, i.e. VirD4 and 
VirB1 to VirB11. The periplasmic lytic transglycosylase VirB1 is required for pilus biogenesis 
and degradation of peptidoglycan layer; VirB2 and BirB5 is responsible for the formation of 
pilus which will extend into extracellular milieu; proteins VirB3 and VirB6 to VirB10 
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collectively form the scaffold and translocation apparatus; VirB4, VirB11, and VirD4 are three 
ATPases which power T4SSs (Costa et al., 2015). Genomic analysis in LeC3 genome sequence 
shows virB1 to virB11 cluster with a distally located virD4 gene. In addition, there are two 
copies of the virB5 gene and multiple pairs of the virB5-virB6 gene cluster in the genome (de 
Bruijn et al., 2015). As shown in Table 2.3, we identified two mutants (#21 virB10 and #22 
virB9) located within the T4SS cluster, suggesting that T4SS in LeC3 plays a major role in 
antagonizing fungal pathogens. Based on the function of T4SSs, it is reasonable to speculate that 
T4SS might function in the delivery of some macromolecular effectors such as HSAF into fungal 
cells, which warrant further investigation.  
In this study, we isolated eight mutants within the three-gene operon at around 6,000,000-
bp in the LeC3 genome. The operon encodes a hypothetical protein, a PAPS reductase, and a 
histidine kinase family protein. The PAPS reductase is predicted to catalyze the conversion of 
PAPS into sulfite and adenosine 3’,5’-bisphosphate (PAP) in the sulfate reduction pathway of E. 
coli, which leads to the assimilation of sulfur and biosynthesis of cysteine (Rossi et al., 2014). 
Recent studies revealed that as other intermediates in E. coli sulfate assimilation and cysteine 
biosynthesis pathway such as PAP, PAPS can also act as a signal molecule and modulate gene 
expression. Inactivation of the cysH gene which encodes PAPS reductase increased intracellular 
PAPS concentration and consequently enhanced cell aggregation and surface adhesion by its 
regulation over the expression of curli component, Flu, OmpX, Slp, as well as several regulators, 
including CspC, CspE, HNS, and HupA, indicating the role of PAPS as a global signal regulator 
in E. coli (Longo et al., 2016). Considering the 66% protein sequence similarity of PAPS 
reductase in E. coli and L. enzymogenes (data not shown) and the signal transduction histidine 
kinase following the cysH gene in L. enzymogenes, it is tempting to speculate that the loss of S. 
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sclerotiorum hyphae inhibition abilities of these mutants was probably caused by PAPS-
mediated regulatory system in L. enzymogenes.  
Besides the regions with repetitive transposon insertions, other identified genes were 
predicted to encode proteins responsible for a wide range of functions including cellular 
processes and signaling, information storage and processing, and metabolism. In summary, our 
mutant library screening has identified several novel genes which might play a significant role in 
mediating the interactions between LeC3 and fungal pathogens. Further studies of these mutants 
might provide in-depth understanding of the molecular mechanisms of LeC3 against fungal 
pathogens (see Chapter 3).   
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2.6 Tables 
Table 2.1 Primers used in this study 
Primer Sequence (5'-3') 
Primers for identification of insertion sites 
KAN-2 FP-1 ACCTACAACAAAGCTCTCATCAACC 
KAN-2 RP-1  GCAATGTAACATCAGAGATTTTGAG 
PvuI left GAAAAACAGCATTCCAGGTATTAGA 
PvuI right AAGTTTATGCATTTCTTTCCAGACT 
inv-1  ATGGCTCATAACACCCCTTGTATTA 
inv-2  GAACTTTTGCTGAGTTGAAGGATCA 
Primers for confirmation of insertion sites 
Tn5 KanF TACACATCTCAACCATCATC 
Tn5 KanR ACACATCTCAACCCTGAAGC 
18-16-ID-F GAGATCGTGATGAGCGTGAG 
18-16-ID-R ACTTGCTCATCTCCGTGGAC 
16-47-ID-F GCCAGACGCCAACATCTACT 
16-47-ID-R GTCAGCAGGATCAGGGTGTT 
18-18-ID-F CCTACCTCGACATCAGCCAG 
18-18-ID-R TCCTGCATGTCGAGGAAGTC 
6-25-ID-F GTACATGCGGCGAAGAAGTC 
6-25-ID-R TCGCTCATACGTCCTCCTTC 
1-15-ID-F CGAAAGTCACCGGAACTCCT 
1-15-ID-R GAATTCGCCGGTCTGCTG 
5-16-ID-F GTACAGCTTGAACACGATCCC 
5-16-ID-R TGATGATCACCCTAGCCGC 
4-16-ID-F GCGACGTAGATGTTCACGAC 
4-16-ID-R TCTGGGATCGCATCACCAC 
1-42-ID-F TCAGCGCGTTGATCTTGATG 
1-42-ID-R CCAACATGATGATCCGGACG 
3-4-ID-F GTTCGAGATCTACGGCCTGG 
3-4-ID-R AGCCCGTATAACTGAGCGAC 
11-26-ID-F GACCGCATCGCCATCATC 
11-26-ID-R GGTCCATGTAGTCGGCCTC 
18-13-ID-F GACCCTGCACAACCTCGG 
18-13-ID-R ATCTCGATGTAGCCGGCG 
18-17-ID-F ATCAGTTCCAGCGCGTACTT 
18-17-ID-R CTACGTTGAGGAAAGCGACC 
11-47-ID-F TTTTTCGGCGATGGTTTTC 
11-47-ID-R GCTACGTGCAGCAGTTCATC 
16-38-ID-F GATCGCATTGGCGATTACTT 
16-38-ID-R GCGTAAACCAATCCATCCTC 
6-36-ID-F GATACGGGTCACGGAATGTC 
6-36-ID-R ATGCTGTCGGCTGGTCTATC 
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Table 2.2 Detailed PCR conditions used in RATE 
Step Temperature Time Cycle 
Initial 
denaturation 95 ℃ 5 min 1 
Step 1 95 ℃ 30 s 30 
 
53 ℃ 30 s 
 
 
72 ℃ 3 min 
 Step 2 95 ℃ 30 s 30 
 
30 ℃ 30 s 
 
 
72 ℃ 2 min 
 Step 3 95 ℃ 30 s 30 
 
53 ℃ 2 min 
 
 
72 ℃ 2 min 
 Final extension 72 ℃ 10 min 1 
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Table 2.3 List of fifty mutants with no inhibition zone against S. sclerotiorum  
No. 
Name 
of clone 
Method 
Insertion 
site* 
Gene Gene annotation* 
Common 
name 
1 18-16 inv2 73872 GLE_0067 diguanylate cyclase  
2 
18-26 PstI 182656 GLE_0173/4 
NAD-dependent 
epimerase/dehydratase family protein 
& hypothetical protein 
 
3 
1-30 PvuI 284302 GLE_0261/2 
hypothetical protein & anhydro-N-
acetylmuramic acid kinase  
anmK 
4 20-14 PstI 299631 GLE_0270 peptidase  
5 16-47 PstI 320871 GLE_0290 cytochrome c oxidase, subunit III ccoP 
6 17-14 inv1 384565 GLE_0349 DNA topoisomerase I  topA 
7 
18-18 PvuI 474196 GLE_0432 
type VI secretion-associated protein, 
BMA_A0400 
 
8 
6-25 inv2 480652 GLE_0436 
type VI secretion system Vgr family 
protein 
 
9 
2-23 PstI 750857 GLE_0688/9 
ATP synthase F1, gamma subunit & 
ATP synthase F1, beta subunit 
atpG & 
atpD 
10 6-24 PstI 796945 GLE_0724 hypothetical protein  
11 16-4 inv2 870633 GLE_0794 hypothetical protein  
12 1-15 PvuI 883488 GLE_0809 transcriptional regulator, TetR family  
13 18-1 inv1 995287 GLE_0899 hypothetical protein  
14 
1-23 inv2 1122532 GLE_1022 
ribosomal protein S6 modification 
protein 
 
15 5-16 inv2 1223320 GLE_1115 channel protein, hemolysin III family  
16 
1-16 PvuI 1339631 GLE_1223/4 
DnaA regulatory inactivator Hda & 
hypothetical protein 
 
17 
5-40 inv2 1900985 GLE_1773/4 
Rhs family protein & hypothetical 
protein 
 
18 1-32 PstI 2305361 GLE_2122 transcriptional regulator, ArsR family  
19 
1-35 PstI 2597971 GLE_2373/4 
exported SurF1-family protein & 
cytochrome o ubiquinol oxidase 
subunit IV 
cyoD 
20 16-41 PstI 2622226 GLE_2396 transcriptional regulator, Rrf2 family  
21 4-16 PvuI 3187974 GLE_2820 VirB10 protein  virB10 
22 1-42 inv2 3189337 GLE_2821 VirB9 protein  virB9 
23 16-5 PvuI 3201951 GLE_2836 homoserine O-acetyltransferase metX 
24 17-41 PvuI 3238729 GLE_2875 hypothetical protein  
25 
3-4 PvuI 3296438 GLE_2933/4 
transcriptional regulator, TetR family 
& hydrolase 
 
26 
11-26 PvuI 3590009 GLE_3215 
HSAF non-ribosomal peptide 
synthetase/polyketide synthase 
 
27 
18-13 PvuI 3592591 GLE_3215 
HSAF non-ribosomal peptide 
synthetase/polyketide synthase 
 
28 18-17 PvuI 3996196 GLE_3585 multiple antibiotic resistance  
29 18-8 PvuI 4744813 GLE_4202 prolyl-tRNA synthetase  proS 
30 
1-1 inv2 4833742 GLE_4286/7 
diacylglcerol kinase catalytic domain 
& RraA family 
 
31 18-21 PstI 5066843 GLE_4519 leukotriene A-4 hydrolase  Lta4h 
32 18-33 inv2 5158558 GLE_4600 hypothetical protein  
 
 
 
 
 
   
 
       
44 
 
Table 2.3 (Cont.) 
33 
3-21 
inv2 
5505166 
GLE_4939/4
0 
coproporphyrinogen III oxidase, 
aerobic & DNA polymerase I  
hemF & 
polA 
34 5-46 PstI 5688480 GLE_5096 transpoter, major facilitator family  
35 18-7 PstI 5787442 GLE_5193 glucose-6-phosphate 1-dehydrogenase  zwf 
36 18-27 PvuI 5917666 GLE_5315 hypothetical protein  
37 
19-43 
inv2 
5942260 GLE_5338/9 
DNA polymerase III, beta subunit & 
chromosomal replication initiator 
protein 
dnaN & 
dnaA 
38 11-47 inv1 5960481 GLE_5356 phenol hydroxylase  
39 8-22 inv1 5995668 GLE_5394 lipoprotein  
40 16-16 inv2 6028676 GLE_5430 lipoprotein  
41 2-42 PvuI 6087030 GLE_5486 hypothetical protein  
42 3-22 PstI 6087195 GLE_5486 hypothetical protein  
43 18-31 PstI 6088863 GLE_5486 hypothetical protein  
44 18-5 PstI 6088893 GLE_5486 hypothetical protein  
45 8-46 inv2 6089229 GLE_5486 hypothetical protein  
46 
5-39 
inv2 
6089509 GLE_5486/7 
hypothetical protein & 
phosphoadenosine phosphosulfate 
reductase 
& cysH 
47 
2-45 
PstI 
6089556 GLE_5486/7 
hypothetical protein & 
phosphoadenosine phosphosulfate 
reductase 
& cysH 
48 
16-38 
PvuI 
6089719 GLE_5487 
phosphoadenosine phosphosulfate 
reductase 
cysH 
49 6-36 PstI 6090763 GLE_5488 histidine kinase family protein  
50 
18-42 
PvuI 
6139312 GLE_5537/8 
hypothetical protein & hypothetical 
protein 
 
 
* The information of insertion sites, gene ID and annotation are based on the genome sequence 
of LeC3, which could be found in NCBI with the accession number CP013140.1.  
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Table 2.4 List of nine mutants selected for further characterization 
No.  Abbr.  Strain GLE_ Gene annotation 
1 ∆dgc 18-16 0067 diguanylate cyclase 
2 ∆tetR1 1-15 0809 transcriptional regulator, TetR family 
3 ∆tetR2 3-4 2933/4 transcriptional regulator, TetR family & hydrolase 
4 ∆hemo 5-16 1115 channel protein, hemolysin III family 
5 ∆virB10 4-16 2820 VirB10 protein  
6 ∆virB9 1-42 2821 VirB9 protein  
7 ∆ph 11-47 5356 phenol hydroxylase 
8 ∆cysH 16-38 5487 phosphoadenosine phosphosulfate reductase 
9 ∆hk 6-36 5488 histidine kinase family protein 
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2.7 Figures 
 
Figure 2.1 Schematic map of transposon structure used for the construction of the L. 
enzymogenes mutant library (1221bp). The 19-bp mosaic end sequences (MEs) as transposase 
recognition sequence in transposition flanks the transposon. The kanamycin resistance cassette 
(KANR) was cloned into the construct as a selection marker. Restriction sites PstI and PvuI are 
indicated as lines. Relative positions of primers used in this study are drawn to scale (Epicentre, 
Madison, WI, USA). 
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Figure 2.2 Representative plates showed the inhibition zone of LeC3 mutant library 
screening using S. sclerotiorum. The wild-type LeC3 or mutants (outside) were co-cultured 
with white mold pathogen S. sclerotiorum (middle) on ¼ PDA plates. Pictures were taken 3 days 
after incubation.  
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Figure 2.3 Schematic map showed procedure used to localize transposon insertion sites 
using inverse PCR. Genomic DNA was digested with either PstI or PvuI restriction enzyme 
denoted by triangles; the digested DNA was ligated, and amplified using primers indicated by 
small arrows. Major PCR products were purified and sequenced at the UIUC core sequencing 
facility. The core region of Tn5 transposon is shown as dotted line. Filled box represents 
upstream flanking region, and open box as downstream region (Ochman et al., 1998). 
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Figure 2.4 Schematic map showed procedure used to localize transposon insertion sites 
using RATE PCR. RATE is a three-step PCR using single primer (inv1 or inv2, indicated by 
arrow). 1st and 3rd steps use stringent annealing temperature and 2nd step uses 30 ℃ which allows 
nonspecific amplification, detailed PCR conditions were presented in Table 2.2. Major PCR 
products were purified and sequenced using nested primers (KAN-2 RP-1/KAN-2 FP-1) at the 
UIUC core sequencing facility. Red boxes represent the core region of transposon. Blue boxes 
represent flanking regions (Dyer, 2002).  
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Figure 2.5 Distribution of inhibition zone diameters of mutants from the library. The wild-
type (WT) LeC3 or mutants were co-cultured with white mold pathogen S. sclerotiorum. 
Diameters of inhibition zones surrounding each bacterial strain were measured 3 days after 
inoculation (DPI). Diameter of the inhibition zone of the WT LeC3 was about 1.48±0.17 (cm).  
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Figure 2.6 Representative gel images showing confirmation of transposon insertion within 
mutants. (A) PCR products generated after the amplification of 6 randomly selected L. 
enzymogenes mutants using primers Tn5 KanF/R to prove the existence of transposon within the 
mutants. Lane 1: mutant 1-1. Lane 2: mutant 1-15. Lane 3: mutant 1-16. Lane 4: mutant 1-23. 
Lane 5: mutant 1-30. Lane 6: mutant 1-31. All the mutants tested contained the 1201-bp PCR 
products. (B) Inverse PCR products of genome DNA from two mutants using primers PvuI 
right/KAN2 FP-1. Lane 1/2: mutant 1-15. Lane 3/4: mutant 5-39. (C) RATE products of 
bacterial cells using single primer inv2. Lane 1/2: mutant 5-16. (D) PCR products of mutants and 
the WT LeC3 using primers 16-47/1-15/5-16-ID-F/R to confirm the mutation. Lane 1: mutant 
16-47 using 16-47-ID-F/R; Lane 2: wild-type LeC3 using 16-47-ID-F/R; Lane 3: mutant 1-15 
using 1-15-ID-F/R; Lane 4: LeC3 using 1-15-ID-F/R; Lane 5: mutant 5-16 using 5-16-ID-F/R. 
Lane 6: WT LeC3 using 5-16-ID-F/R. Expected PCR products were obtained for all mutants and 
the LeC3. 
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Figure 2.7 Distribution of transposon insertion sites within the LeC3 genome. The insertion 
sites were identified from mutants, which no longer inhibited the hyphae growth of S. 
sclerotiorum. Insertion sites were clustered within three 3000-bp regions: (1) two within T4SS 
gene cluster around 3,200,000-bp; (2) two within the lafB gene, originally described as hsaf 
pks/nrps, on the HSAF biosynthesis gene cluster around 3,600,000-bp; and (3) eight within a 
three-gene region around 6,000,000-bp, encoding hypothetical protein, phosphoadenosine 
phosphosulfate (PAPS) reductase, and histidine kinase family protein.  
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CHAPTER 3 
CHARACTERIZATION OF GENES IN ANTAGONISM AGAINST SOYBEAN 
FUNGAL PATHOGENS BY LYSOBACTER ENZYMOGENES STRAIN C3 
3.1 Abstract  
Lysobacter enzymogenes strain C3 (LeC3) is a potential biocontrol agent for various 
fungal, oomycete, bacterial, and nematode plant diseases. Understanding the molecular 
mechanism of LeC3 antagonism against multiple pathogens will help improve its biocontrol 
efficacy. In this study, nine Tn5-insertional mutants which lost their inhibitory abilities against 
white mold pathogen (Sclerotinia sclerotiorum) were further characterized. Complementation 
studies showed that these nine mutants were partially recovered in their abilities in inhibiting 
hyphae growth of the white mold pathogen by introducing plasmids containing corresponding 
genes. Results also showed that all nine mutants exhibited significantly decreased abilities to 
suppress spore germination of the sudden death syndrome (SDS) pathogen (Fusarium 
virguliforme), and in production/secretion of four extracellular enzymes (lipase, protease, 
cellulase, and chitinase). In addition, production of the heat stable antifungal factor (HSAF), a 
fungal specific antibiotic produced by LeC3, was determined in these nine mutants using HPLC 
and all nine mutants showed significant decrease in HSAF production or secretion. Collectively, 
our findings suggest that the nine genes play important roles in the antagonism of LeC3 against 
fungal pathogens probably by influencing the production and/or secretion of extracellular 
enzymes and HSAF.  
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3.2 Introduction  
The genus Lysobacter, a Gram-negative bacterium belonging to the family 
Xanthomonadaceae with high GC content (65%-71%), is ubiquitous in soil and aquatic 
environments, and even in some extreme conditions including hydrothermal vents and volcanic 
ash (Christensen and Cook, 1978; Reichenbach, 2006; Sullivan et al., 2003). Lysobacter was first 
noted as a source of lytic enzymes with biodegradation abilities in organic matter recycling 
(Vontigerstrom, 1980). In the late 1990’s, it was discovered to exhibit antagonism against 
multiple phytopathogens and then emerged as novel biological control agents (BCAs) against 
plant diseases (Koenning and Wrather, 2010; Wang et al., 2013). Thereafter, studies of the 
natural products produced by Lysobacter spp. render this bacterium potential producer of 
promising drugs (Xie et al., 2012).  
Among the known Lysobacter species, L. enzymogenes is the best studied (Zhang et al., 
2014). Molecular studies of the biocontrol mechanisms of L. enzymognes have been carried out 
for almost twenty years, some progress has been made besides the release of complete genome 
sequence of the L. enzymogenes LeC3 strain at NCBI (National Center for Biotechnology 
Information https://www.ncbi.nlm.nih.gov/genome/). For instance, the biosynthesis genes of 
biocontrol-essential extracellular enzymes and antibiotics - chitinase, β-1,3-glucanase, HSAF 
(heat-stable antifungal factor), and WAP-8294A2 - have been identified and characterized 
(Palumbo et al., 2005; Qian et al., 2012; Yu et al., 2007; Zhang et al., 2011). In addition, several 
regulation systems within L. enzymogenes were found to be involved in the biocontrol-related 
characteristics, such as the Clp global regulator and several quorum sensing regulator systems 
(Kobayashi et al., 2005; Qian et al., 2013). Although research progress has been made in 
elucidating the mechanisms for the biocontrol activities of L. enzymogenes, the whole picture of 
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regulatory systems is far from complete. Recently, we generated a transposon mutant library of 
LeC3 to identify more genes involved in the antifungal activities of L. enzymogenes. Among all 
the 74 Tn5-insertional mutants which were abolished in their antagonism against the causal agent 
of soybean white mold, Sclerotinia sclerotiorum, nine mutants (Δdgc, ΔtetR1, ΔtetR2, Δhemo, 
ΔvirB10, ΔvirB9, Δph, ΔcysH, and Δhk) were selected for further characterization.  
Mutant Δdgc had a Tn5 transposon insertion in gene GLE_0067. The protein diguanylate 
cyclase (DGC), encoded by gene dgc, is composed of one N-terminal 7TM-DISM (7 
Transmembrane Receptors with Diverse Intracellular Signaling Modules) domain and one C-
terminal GGDEF (a.k.a. DGC) domain (Anantharaman and Aravind, 2003; Whiteley and Lee, 
2015). The GGDEF domain is ubiquitous in bacteria and two kinds of GGDEF-containing 
proteins, diguanylate cyclases (DGCs) and cyclic di-GMP (c-di-GMP)-specific 
phosphodiesterases (PDEs), are responsible for the synthesis and degradation of c-di-GMP (Jenal 
et al., 2017). C-di-GMP has been recognized as a bacterial second messenger that can modulate a 
variety of bacterial behaviors including cell cycle progression, biofilm formation, motility, and 
virulence (Cotter and Stibitz, 2007; Oliveira et al., 2015).  
Mutants ΔtetR1 and ΔtetR2 had a Tn5 transposon insertion in genes GLE_0809 and 
GLE_2933, respectively. Both genes encode TetR/AcrR family transcriptional regulators which 
have been discovered to be involved in the regulation of multiple bacterial processes including 
antibiotic production, efflux pump expression, multidrug resistance, and osmotic stress response 
(Ramos et al., 2005). For example, AcrR, another transcriptional regulator from the same family, 
was responsible for the regulation of the transcription of a closely linked gene acrAB which 
encoded a multidrug efflux pump in Escherichia coli (Ma et al., 1996).  
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Mutant Δhemo had a Tn5 transposon insertion in gene GLE_1115. This gene encodes a 
predicted membrane channel-forming protein YqfA which belongs to hemolysin III family and 
may participate in intracellular trafficking, secretion, and vesicular transport. Members of 
hemolysin III family are integral membrane proteins and one family member in bacterial 
pathogen Bacillus cereus showed hemolytic activity. In B. cereus, hemolysis resulting in 3-3.5 
nm hemolytic pores occurred in at least three steps, i.e. binding of Hyl-III monomers to the 
erythrocyte membrane, formation of transmembrane oligomeric pore, and erythrocyte lysis 
(Baida and Kuzmin, 1996).  
Mutant ΔvirB10 and ΔvirB9 had a Tn5 transposon insertion in genes GLE_2820 and 
GLE_2821 respectively. Both of virB10 and virB9 genes were predicted to encode components 
of bacterial type IV secretion system (T4SS) in L. enzymogenes. T4SSs of Gram-negative 
bacteria have versatile functions, including (1) conjugative transformation of transposons or 
plasmid DNA into a broad range of cells, (2) mediation of genetic exchange with milieu in some 
Gram-negative bacteria, and (3) delivery of macromolecular effectors (such as toxin and T-
DNA) into eukaryotic cells mostly for pathogenic sake (Fronzes et al., 2009). The Type IVA 
T4SSs (VirB-VirD4 conjugative system) consist of 12 proteins: VirD4 and VirB1 to VirB11. 
The periplasmic lytic transglycosylase VirB1 is responsible for pilus biogenesis and degradation 
of peptidoglycan layer; VirB2 and BirB5 is required for the formation of pilus which will extend 
into extracellular milieu; proteins VirB3 as well as VirB6 to VirB10 collectively form the 
scaffold and translocation apparatus; VirB4, VirB11, and VirD4 are three ATPases which power 
T4SSs (Costa et al., 2015). Genomic analysis in LeC3 genome sequence shows virB1 to virB11 
cluster with a distally located virD4 gene.  In addition, there are two copies of the virB5 gene and 
multiple pairs of the virB5-virB6 gene cluster in the genome (de Bruijn et al., 2015) .  
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Mutant Δph had a Tn5 transposon insertion in gene GLE_5356. This gene encodes a 
phenol hydroxylase belonging to the FNR1 (ferredoxin-NADP+ (oxido)reductase)-like 
superfamily. The phenol hydroxylase contains one FAD binding pocket/motif, one phosphate 
binding motif, one NAD binding pocket, and one β-α-β structure motif. Enzymes from FNR1 
family catalyzes the reversible electron transfer between NADP(H) and electron carrier proteins 
(i.e. ferredoxin and flavodoxin). In bacteria, isoforms of these flavoproteins can participate in 
multiple redox metabolic pathways.  
Mutant ΔcysH and Δhk had a Tn5 transposon insertion in genes GLE_5487 and 
GLE_5488, respectively. Gene cysH and hk, located within an operon, encodes a 
phosphoadenosine phosphosulfate (PAPS) reductase and a histidine kinase family protein, 
respectively. The PAPS reductase is predicted to catalyze the conversion of PAPS into sulfite 
and adenosine 3’,5’-bisphosphate (PAP) in the sulfate reduction pathway of E. coli, which leads 
to the assimilation of sulfur and biosynthesis of cysteine (Rossi et al., 2014). Recent studies 
revealed that as other intermediates in E. coli sulfate assimilation and cysteine biosynthesis 
pathway such as PAP, PAPS can also act as a signal molecule and modulate gene expression. 
Inactivation of the cysH gene which encodes PAPS reductase increased intracellular PAPS 
concentration and consequently enhanced cell aggregation and surface adhesion by its regulation 
over the expression of curli component, Flu, OmpX, Slp, as well as several regulators, including 
CspC, CspE, HNS, and HupA, indicating the role of PAPS as a global signal regulator in E. coli 
(Longo et al., 2016). Considering the signal transduction histidine kinase following the cysH 
gene in L. enzymogenes, it is possible that CysH and the histidine kinase also form a PAPS-
mediated regulatory system in L. enzymogenes.  
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In this study, the nine mutants (Δdgc, ΔtetR1, ΔtetR2, Δhemo, ΔvirB10, ΔvirB9, Δph, 
ΔcysH, and Δhk) were further characterized in their abilities in inhibiting soybean sudden death 
syndrome (SDS) pathogen Fusarium virguliforme as well as in producing four extracellular 
enzymes and fungal-specific antibiotic HSAF.  
 
3.3 Materials and methods  
3.3.1 Bacterial strains, plasmids, and growth conditions  
The bacterial strains and plasmids used in this study are listed in Table 3.1. The E. coli 
strain DH10β (Invitrogen, Carlsbad, CA, USA) used for plasmid construction was routinely 
grown in Luria-Bertani (LB) medium at 37℃. 10% tryptic soy medium (TSB, 1.5 g/L tryptone, 
0.5 g/L soytone, and 0.5 g/L NaCl) was used for the routine culture of LeC3 and LeC3-derived 
strains at 28℃. Antibiotics were added to the medium as required at the following concentrations 
unless otherwise noted, for E. coli, gentamicin (Gm) at 30 µg/ml; for LeC3 Tn5-insertional 
mutants, kanamycin (Km) at 100 µg/ml; for complementation strains, Km at 100 µg/ml, Gm at 
150 µg/ml in LB, and Gm at 30 µg/ml in 10% TSA (TSB with 1.5 g/L agar).   
 
3.3.2 Preparation of competent cells  
Overnight bacterial culture of LeC3 and mutant strains was re-inoculated into 50 ml LB 
amended with 100 µg/ml Km. After 12-hour shaking at 250 rpm at 28℃, bacterial culture was 
put on ice for 30 min and then cells were collected by centrifugation at 4,000-rpm at 4℃ for 10 
min. The pellets were washed with 30 ml cold 10% glycerol twice. The final pellets were 
resuspended in 750 µl 10% glycerol and separated into 150 µl aliquots. The competent cells were 
then stored at -80℃ .  
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3.3.3 DNA manipulation and complementation of LeC3 Tn5-insertional mutants  
A plasmid-based-method was used to complement the nine mutant strains as described 
previously (Qian et al., 2013). Briefly, DNA fragments containing full-length of selected genes 
and their corresponding promoter regions were amplified by PCR using different primer pairs as 
listed in Table 3.2. Purified PCR products were cloned into the multiple cloning site (MCS) of 
the vector pBBR1-MCS5 (Figure 3.1) through restriction enzyme digestion and T4 DNA ligation 
(Kovach et al., 1995). After confirmed by DNA sequencing using primers M13For-40 and 
M13Rev-48, the final constructs were electroporated into the corresponding mutant competent 
cells. The transformants were verified by PCR with the same primer pairs as those used for the 
amplification of PCR fragments (Figure 3.1B).  
 
3.3.4 Dual cultural assay  
Confirmation of the complementation of LeC3 Tn5-insertional mutants was carried out 
using dual cultural assay as previously described procedures with a few modifications (Nian, 
2015). In brief, 5 mm-diameter discs of fresh S. sclerotiorum isolate BF0934, originally obtained 
from Dr. Carl Bradley’s laboratory at the University of Illinois, Urbana, IL, were placed in the 
center of ¼ PDA (Potato Dextrose Agar, Becton Dickinson & Company, Sparks, MD, USA) or 
10% TSA plate. Bacterial suspensions were pipetted into the tip-punched holes about 2.5 cm 
away from the fungal discs. After incubation under conditions listed in Table 3.3 at 28℃, fungal 
hyphae covered the plates and the distance between hole and inhibition zone edges were 
measured. The assays were repeated at least twice with four replications for each 
complementation strains.  
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3.3.5 Bacterial growth 
To measure bacterial growth, a previously described procedure was used (Lee, 2014). 
Briefly, overnight cultures of bacterial strains were harvested by centrifugation at 4,000-rpm for 
10 min and washed twice using 0.5×PBS (Phosphate-buffered saline). After the final washing, 
the pellet was resuspended in fresh medium and adjusted to OD600 = 0.01. Bacterial strains were 
cultured at 28℃ with 250-rpm shaking. Aliquots of cultures were taken and OD600 was measured 
to determine bacterial growth at different time points.  
 
3.3.6 F. virguliforme spore germination assay  
Spores were harvested by washing from 7-day-old F. virguliforme Mont-1 isolate 
(originally obtained from Dr. Glen L. Hartman’s laboratory at the University of Illinois, Urbana, 
IL) grown on PDA plates at 28 ℃ and resuspended using sterile water after centrifugation at 
8,000-rpm twice. Spore concentration was counted using hemocytometer and adjusted to 2 × 105 
spores/ml in 25% potato dextrose broth (PDB) (Becton Dickinson & Company, Sparks, MD, 
USA). Supernatant of 3-day-old bacterial cultures was obtained by centrifugation at 13,200 rpm 
for 20 min. Equal volumes (1 ml each) of spore suspension and culture supernatant was mixed in 
a 14ml round-bottom Falcon tubes, vortexed, and then placed in a 200-rpm shaking incubator at 
25 ℃ overnight. Sixteen hours after co-cultivation, 15 µl of each mixture was pipetted onto ¼ 
PDA plates and incubated at 28 ℃ for three and half days. At the same time, 10 µl of each 
mixture was pipetted into hemocytometer and examined germination rate under microscope. A 
spore was considered germinated only if its germ tube was at least as long as the length of the 
spore. The experiment was repeated twice with three replicates. The Fisher LSD (least 
significant difference) procedure was performed using the PROC GLM option of statistical 
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analysis software (release 9.4, SAS Institute, Cary, NC) to compare the means of germination 
rate in different treatments.  
 
3.3.7 Protease activity assay  
Bacteria were grown for three days and adjusted to OD600 = 1. Bacterial suspension (3 µl) 
was spotted on LB plates containing 1% (m/vol) skim milk. After one and half days at 28ºC, 
diameters of hydrolytic zones surrounding bacterial colonies were measured to assess the 
extracellular protease activity. The experiment was repeated twice with three replicates. The 
Fisher LSD procedure was performed using the PROC GLM option of statistical analysis 
software (release 9.30, SAS Institute, Cary, NC) to compare the means of hydrolytic zone 
diameters. 
 
3.3.8. Lipase activity assay 
Bacteria were grown for five days and adjusted to OD600 = 1. Bacterial suspension (3 µl) 
was spotted on basal agar medium (10 g/L peptone, 15 g/L agar, and 0.26 g/L CaCl2∙2H2O) 
plates containing 1% (vol/vol) Tween 80 or LB plates containing 0.5% (vol/vol) Tween 80. After 
3 days at 28ºC, diameters of calcium soap circles on basal agar medium or sediment circles on 
LB medium surrounding bacterial colonies were measured to assess the extracellular lipase 
activity of each strain. The experiment was repeated twice with three replicates. The Fisher LSD 
procedure was performed using the PROC GLM option of statistical analysis software (release 
9.30, SAS Institute, Cary, NC) to compare the means of soap/sediment zone diameters. 
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3.3.9. Cellulase activity assay 
Bacteria were grown for three days and adjusted to OD600 = 1. Bacterial suspension (3 µl) 
was spotted on modified Van Niel’s medium (1 g/L yeast extract, 0.25 g/L MgSO4, 1 g/L 
K2HPO4, and 20 g/L agar) plates containing 1.5% (m/vol) carboxymethyl cellulose (CMC). At 3 
days at 28ºC, the plates were stained with 0.1% (m/vol) Congo red for 30 min, and hydrolytic 
zones surrounding bacterial colonies were measured to assess the extracellular cellulase activity 
of each strain. The experiment was repeated at twice with three replicates. The Fisher LSD 
procedure was performed using the PROC GLM option of statistical analysis software (release 
9.30, SAS Institute, Cary, NC) to compare the means of hydrolytic zone diameters. 
 
3.3.10. Chitinase activity assay 
Bacteria were grown for seven days and adjusted to OD600 = 1. Bacterial suspension (3 µl) 
was spotted on 2% (m/vol) agar medium containing 0.5% (m/vol) colloidal chitin. After 18 d at 
28ºC, hydrolytic zones surrounding bacterial colonies were measured to assess the extracellular 
chitinase activity of each strain. The experiment was repeated twice with three replicates. The 
Fisher LSD procedure was performed using the PROC GLM option of statistical analysis 
software (release 9.30, SAS Institute, Cary, NC) to compare the means of hydrolytic zone 
diameters. Colloidal chitin was prepared from crude chitin using previously described procedures 
with a few modifications (Roberts and Selitrennikoff, 1988). Briefly, 2.5 g chitin powder from 
shrimp shells was completely dissolved in 45 ml concentrated HCl and then transferred into 600 
ml water. The mixture was placed without disturbance at 4 ℃ overnight, and the water on the 
surface was then removed. Sample pellet was washed several times until the pH value reached 
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5.5-6.0. After the final washing, the mixture was filtered through 3-layer nylon web, autoclaved, 
and stored at 4ºC in dark.  
 
3.3.11 HSAF extraction and detection 
Extraction of HSAF from LeC3 and LeC3-derived strains was performed as previously 
described (Qian et al., 2014). Strains were grown in 50 ml 10% TSB at 28 ℃ in a shaker for 
three and half days and 10 ml of bacterial culture was used for HSAF extraction. Briefly, after 
13,200-rpm centrifugation at 4 ℃ for 30 min, the supernatant was collected and equal-volume 
ethyl acetate was added. After vortex, the ethyl acetate phase was collected and completely dried 
under room temperature condition. The final HSAF extraction was resuspended in 200 µl 
methanol. HSAF sample (20 µl) was injected and analyzed with Agilent 1100 HPLC system 
(Agilent Technologies, Santa Clara, CA). The 1100 series HPLC system included a degasser, an 
autosampler, a DAD, and a Qutarary pump. LC separation was performed on an Phenomenex 
Luna C18(2) column (4.6 x 150mm, 5μm) with mobile phase A (water with 0.1% formic acid) 
and mobile phase B (acetonitrile with 0.1% formic acid). A modified HPLC program was 
performed as follows: 60 to 100% mobile phase B in mobile phase A in the first 0 to 10 min, 
100% mobile phase B in mobile phase A from 10 to 13 min, 100 to 60% mobile phase B in 
mobile phase A from 13 to 14 min, and 60% mobile phase B in mobile phase A from 14 to 20 
min. HSAF was detected at 318 nm on a UV detector. The experiments were repeated twice with 
similar results.  Standard HSAF was provided by our collaborator Dr. Du at the University of 
Nebraska at Lincoln.  
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3.4 Results  
3.4.1 The nine mutants were partially complemented in inhibiting S. sclerotiorum 
hyphae growth 
A total of seven complementation plasmids were constructed as listed in Table 3.1 and 
illustrated in Figure 3.1. Since gene pair virB10/virB9 and cysH/hk each shared the same 
promoter, one plasmid each containing full-length of the paired genes and their common 
promoter was constructed i.e. pBBR-virB8-10 and pBBR-cysH-hk, respectively. These plasmids 
were confirmed by sequencing and PCR (data not shown). Complementation of the nine Tn5-
insertional mutants was carried out by dual culture assays with S. sclerotiorum under conditions 
for individual mutants as listed in Table 3.3. As shown in Figure 3.2, the wild-type (WT) LeC3, 
mutants, and their complementation strains were cultured on the same plate. Clear inhibition 
zones were seen around the WT LeC3, whereas no inhibition zones were seen around the nine 
mutants, confirming our previous results. For complementation strains, some exhibited smaller 
inhibition circles, including complementation strains for ∆dgc and ∆virB10 mutants, whereas 
others showed partial inhibition areas (inhibition areas with some hyphae visible). The distances 
between bacteria to the edge of inhibition zones/areas, ranging from 0.37 to 0.69 cm were shown 
in Figure 3.3 as compared to 0.22-1.06 cm for the WT. These results indicated that the nine 
mutants were partially complemented in inhibiting S. sclerotiorum hyphae growth.  
 
3.4.2 Growth curves of LeC3 and its derived strains 
In order to exclude the possibility that the nine mutants of L. enzymogenes failed to inhibit 
fungal growth were due to lack of bacterial growth, the nine Tn5-insertional mutants and their 
complementation strains were tested for growth in 10% TSB and compared with the WT strain 
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LeC3. As shown in Figure 3.4, no significant difference of bacterial growth was observed 
between the WT and mutants. Interestingly, most of the complementation strains grew slightly 
slower than that of the WT LeC3 or mutants. However, growth difference between the WT and 
most of these complementation strains was less significant after one and half days (Figure 3.4).  
 
3.4.3 The nine mutants decreased in inhibiting F. virguliforme spore germination  
Spore germination of F. virguliforme was determined to assess whether the nine mutated 
genes of L. enzymogenes play a role in inhibition of other fungal pathogens from soybeans. As 
shown in Figure 3.5, growth of F. virguliforme spores mixed with LeC3 supernatant was much 
less than that of the negative control, confirming that the WT LeC3 inhibited F. virguliforme 
spore germination. Spores mixed with supernatant of the nine mutants grew significantly faster 
than that of the WT LeC3 (p=0.05), indicating that the nine mutants all decreased in their 
abilities in inhibiting F. virguliforme spore germination. Spores mixed with supernatant of the 
nine complementation strains showed similar growth as that of the WT (Figure 3.5), further 
confirming that the nine mutants were complemented in inhibiting F. virguliforme spore 
germination. Spores after 16-hour co-culture with WT LeC3 were either lysed or not germinated, 
making the germination rate almost 0 (Figure 3.6); whereas spore germination rate were 
significantly higher than 0, ranging from 2.3% to 74.3%, for the nine mutants (Figure 3.6). Spore 
germination rate were lower than and significantly different for most of the complementation 
strains from their corresponding mutants, except for ∆cysH (cysH-ph) and ∆hk (cysH-ph), which 
did not show significant differences.  
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3.4.4 The nine mutants decreased in extracellular enzyme activities 
As shown in Figure 3.7, extracellular protease activities of the nine mutants were 
significantly lower than that of the WT. Significant differences were also observed among the 
nine mutants for protease activities, whereas mutant ∆cysH exhibited the lowest extracellular 
protease activity. As shown in Figure 3.8, when tested in basal agar medium containing 1% 
(vol/vol) Tween 80, extracellular lipase activities for all the nine mutants except ∆virB9 were 
significantly lower than that of the WT. In addition, significant differences also existed among 
the nine mutants and ∆cysH exhibited the lowest extracellular lipase activity. As shown in Figure 
3.9, extracellular cellulase activities of the nine mutants were all significantly lower than that of 
the WT. Significant differences were also observed among the nine mutants and ∆cysH exhibited 
the lowest extracellular cellulase activity. As shown in Figure 3.10, the growth of ∆dgc, ∆virB10, 
and ∆virB9 mutants was mostly inhibited on agar plates containing colloidal chitin, which 
showed no chitinase activities. As compared with the WT, extracellular chitinase activities of the 
other five mutants except tetR1 mutant were significantly lower. Significant differences were 
also observed among these five mutants and ∆cysH again exhibited no extracellular chitinase 
activity. 
Complementation data of the nine mutants in extracellular enzyme activities was shown in 
Figure 3.11 and Figure 3.12. Most complementation strains showed slightly higher enzyme 
activities than their corresponding mutants in terms of the diameter of reaction zone surrounding 
bacterial colonies (Figure 3.11). Significant differences existed between some mutants and their 
complementation strains in extracellular enzyme activities. As shown in Figure 3.12, 
complementation strains of the ∆tetR1, ∆hemo, ∆cysH, and ∆hk mutants showed significantly 
increased extracellular protease activities (Figure 3.12A); similarly, complementation of the 
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∆hemo and ∆cysH mutants were also significantly higher for extracellular lipase activities in 
basal agar medium containing 1% (vol/vol) Tween 80, whereas ∆virB10 and ∆virB9 mutants 
were complemented in LB containing 0.5% (vol/vol) Tween 80 (Figure 3.12B). Only 
complementation strain of ∆virB10 mutant showed significantly higher activity of cellulase and 
chitinase (Figure 3.12CD). However, the differences for the rest of complementation strains were 
not significant as compared to their corresponding mutants (data not shown). 
 
3.4.5 The nine mutants decreased in HSAF production 
To test whether the nine genes contribute to HSAF biosynthesis, HSAF production by the 
nine mutants were determined by HPLC. As shown in Figure 3.13, the single HSAF peak was 
detected in the WT LeC3 and HSAF standard sample (Dr. Liangcheng Du’s laboratory at the 
University of Nebraska-Lincoln, Lincoln, Nebraska); however, no such HSAF peak was detected 
in the nine mutants as well as the ∆lafB mutant which was previously proved to be defective in 
HSAF production. These results suggest that the nine genes are required for HSAF biosynthesis 
or secretion.  
 
3.5 Discussion 
Molecular mechanisms for the biocontrol activities of L. enzymogenes have been partially 
illuminated. Extensive studies are needed to provide guidance for genetic engineering of L. 
enzymogenes aiming at improving its biocontrol efficacy for practical field application. In this 
study, we characterized nine mutants, which failed to inhibit fungal hyphae growth/spore 
germination of soybean pathogens. We also showed that these nine mutants exhibited significant 
decreased abilities in production or secretion of four extracellular enzymes (lipase, protease, 
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cellulose, and chitinase) as well as HSAF. Our results suggest that these nine genes play 
important roles in inhibiting fungal pathogen growth and provide evidence for their involvement 
in production and secretion of lytic enzymes and antibiotics.   
Lack of proper genetic manipulation tools hinders the molecular characterization of genes 
in L. enzymogenes strains. Among the L. enzymogenes strains, strain N4-7 was genetically 
intractable, which precluded N4-7 from being analyzed using a mutational approach. Strain 
3.1T8 lacked reports on gene deletion by available suicide vector; whereas strain LeC3, suicide 
vector pJQ200SK was used for gene deletion, however, complementation was difficult as 
suggested by earlier researchers (Kobayashi et al., 2005; Palumbo et al., 2005; Qian et al., 2012). 
In L. enzymogenes strain OH11, broad-host-range cloning vector pBBR1MCS-5 has been used 
for complementation (Xu et al., 2015). In this study, we used the same vector and obtained 
partial complementation of the nine mutants in inhibiting S. sclerotiorum and spore germination 
as well as some enzyme activities. However, working conditions need to be adjusted for 
complementation of individual mutants. In the extracellular lipase activity assay, ∆virB9 mutant 
showed significant decreased extracellular lipase activity on rich-nutrient LB medium and 
∆virB10 mutant cannot be complemented on basal agar medium, but can be complemented on 
rich-nutrient LB medium, further suggesting the effect of environmental conditions on gene 
expression.  
In X. campestris pv. campestris, it has been proven that the sensor RpfC detects the DSF 
signal and activation of the RpfG response regulator, which degrades c-di-GMP and activates the 
expression of virulence genes. In addition, c-di-GMP specifically interacts with the global 
regulator Clp, which leads to the allosteric conformational changes of Clp and abolishes binding 
to its target gene promoter (Tao et al., 2010). Considering the homology between clp and rpf 
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gene cluster between X. campestris pv. campestris and L. enzymgoenes, c-di-GMP signaling has 
been inferred to play important roles in L. enzymogenes (Chen et al., 2017). In L. enzymgoenes, 
the intracellular concentration of c-di-GMP increased in the pilG mutant, which was defective in 
HSAF production (Chen et al., 2017).  The diguanylate cyclases synthesize c-di-GMP, whereas 
the phosphodiesterases degrade c-di-GMP (Jenal and Malone, 2006). Interestingly, in our study, 
mutation of a diguanylate cyclase (∆dgc) gene resulted in loss of antifungal activity and HSAF 
production. It is reasonable to speculate that the ∆dgc mutant which lost in inhibiting fungal 
growth and in producing extracellular enzymes and HSAF might be related to c-di-GMP 
signaling. These results indicate that, c-di-GMP plays a positive role in HSAF biosynthesis, and 
in contrast with previous report for the pilG mutant, which suggest indirectly that c-di-GMP 
inhibits HSAF production. Further studies are needed to clarify these discrepancies.  
Survival of bacteria under various environments requires a multitude of rapid and adaptive 
responses triggered by regulatory proteins, which in most cases are transcriptional factors. 
Prokaryotic transcriptional regulators are classified in families based on structural and functional 
criteria as well as similarity of sequences (Ramos et al., 2005). Recent studies showed that LetR, 
a TetR-family transcriptional factor (TF) in L. enzymogenes, binds to the promoter of HSAF 
biosynthesis operon and suppresses HSAF biosynthesis (Ramos et al., 2005; Wang et al., 2017). 
In this study, we identified two TFs from TetR family, and both tetR1 and tetR2 mutants showed 
decreased HSAF production, suggesting positive effect on HSAF production. It is possible that 
different TetR family TFs may play different roles.  
Similarly, ΔcysH and Δhk mutants exhibited a drastic decrease in their inhibition against 
fungal pathogens and in the production of extracellular enzymes as well as HSAF. The cysH 
gene is predicted to encode a phosphoadenosine phosphosulfate (PAPS) reductase which 
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catalyzes the conversion of PAPS into sulfite and adenosine 3’,5’-biphosphate (PAP) in the 
sulfate reduction pathway of E. coli (Rossi et al., 2014). Recent studies showed that PAPS works 
as a global signal molecule and regulates gene expression. Inactivation of the cysH gene 
increased intracellular PAPS and further regulated the expression of genes related to cell 
aggregation, surface adhesion as well as several other regulators (Longo et al., 2016). The PAPS 
reductase in L. enzymogenes shares 66% similarity to that in E. coli. In addition, the cysH gene 
and a signal transduction histidine kinase gene is in the same operon in L. enzymogenes genome 
and both mutants exhibited similar phenotypes. It is possible that a currently unknown PAPS-
mediated regulatory system in L. enzymogenes might regulate the interaction between L. 
enzymogenes and fungi as well as production of HSAF and extracellular enzymes.   
Bacteria T4SS could function as the conjugative transformation system for transposons or 
plasmid DNA into a broad range of cells, mediate  genetic exchange with milieu in some Gram-
negative bacteria, and deliver macromolecular effectors (such as toxins and T-DNA) into 
eukaryotic cells (Fronzes et al., 2009). In this study, ΔvirB10 and ΔvirB9 mutants were defective 
in parasitism and antibiosis. Therefore, it is possible that T4SS might function in the delivery of 
HSAF or other macromolecular effectors into fungal cells, which warrant further investigation. 
In addition, hemolysin III family protein might participate in intracellular trafficking, secretion, 
and vesicular transport. Mutation of the hemo gene resulted in defectiveness in biocontrol 
activity, indicating that this channel protein may also influence intracellular transportation of 
HSAF or other biocontrol-related effectors or enzymes. However, very few molecular researches 
on phenol hydroxylase were reported, therefore, its exact function in L. enzymogenes is still not 
clear.   
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In summary, we characterized the nine Tn5-insertional mutants which lost their inhibitory 
abilities against white mold pathogen. These nine mutants were partially recovered in their 
abilities in inhibiting hyphae growth of the white mold pathogen. All nine mutants exhibited 
significant decreased abilities in suppressing spore germination of the sudden death syndrome 
pathogen, and in production of four extracellular enzymes. In addition, all nine mutants showed 
significant decrease in HSAF production or secretion. Collectively, our findings suggest that the 
nine genes play important roles in the antagonism against fungal pathogens probably by 
influencing the production and/or secretion of extracellular enzymes and HSAF. Future studies 
should focus on the exact molecular mechanisms of these nine genes in LeC3. 
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3.6 Tables 
Table 3.1 Bacterial strains and plasmids used in this study 
Strains, plasmids Relavent characteristics* Reference source 
Strains 
Lysobacter enzymogenes 
LeC3 Wild-type, isolated from Kentucky bluegrass, KmR 
Giesler & Yuen, 
1998 
∆dgc LeC3-derived Tn5-insertional mutant in the encoding gene of   This study 
 
one diguanylate cyclase (GLE_0067), KmR 
 ∆dgc(dgc) ∆dgc harboring plasmid pBBR-dgc, GmR, KmR This study 
∆tetR1 LeC3-derived Tn5-insertional mutant in the encoding gene of  This study 
 
one transcriptional regulator from TetR family (GLE_0809), KmR 
 ∆tetR1(tetR1) ∆tetR1 harboring plasmid pBBR-tetR1, GmR, KmR This study 
∆tetR2 LeC3-derived Tn5-insertional mutant in the encoding gene of  This study 
 
one transcriptional regulator from TetR family (GLE_2933), KmR 
 ∆tetR2(tetR2) ∆tetR1 harboring plasmid pBBR-tetR2, GmR, KmR This study 
∆hemo LeC3-derived Tn5-insertional mutant in the encoding gene of  This study 
 
one channel protein from hymolysin III family (GLE_1115), KmR 
 ∆hemo(hemo) ∆hemo harboring plasmid pBBR-hemo, GmR, KmR This study 
∆virB10 LeC3-derived Tn5-insertional mutant in the encoding gene of This study 
 
 VirB10 protein (GLE_2820), KmR 
 ∆virB10(virB8-10) ∆virB10 harboring plasmid pBBR-virB8-10, GmR, KmR This study 
∆virB9 LeC3-derived Tn5-insertional mutant in the encoding gene of  This study 
 
VirB9 protein (GLE_2821), KmR 
 ∆virB9(virB8-10) ∆virB9 harboring plasmid pBBR-virB8-10, GmR, KmR This study 
∆ph LeC3-derived Tn5-insertional mutant in the encoding gene of  This study 
 
one phenol hydroxylase (GLE_5356), KmR 
 ∆ph(ph) ∆ph harboring plasmid pBBR-hp-cysH-ph, GmR, KmR This study 
∆cysH LeC3-derived Tn5-insertional mutant in the encoding gene of  This study 
 
phosphoadenosine phosphosulfate reductase (GLE_5487), KmR 
 ∆cysH (cysH-ph) ∆cysH harboring plasmid pBBR-cysH-ph, GmR, KmR This study 
∆hk LeC3-derived Tn5-insertional mutant in the encoding gene of This study 
 
one histidine kinase family protein (GLE_5488), KmR 
 ∆hk (cysH-ph) ∆hk harboring plasmid pBBR-cysH-ph, GmR, KmR This study 
Escherichia coli 
DH10B F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80/acZ ΔM15 ΔlacX74 Invitrogen,  
 
recA1 endA1 araΔ139 Δ (ara, leu)7697 galU galK λ-rpsL (StrR) Carlsbad, 
 
nupG CA, USA 
Plasmids 
pBBR1-MCS5 Broad-host-range vector with a Plact promoter, GmR Kovach et al., 1995 
   
73 
 
Table 3.1 (Cont.) 
pBBR-dgc 2228 bp DNA fragment containing the coding region and  This study 
 
promoter sequence of dgc (-463-+1765) (GLE_0067) in pBBR1-
MCS5, GmR 
 pBBR-tetR1 1475 bp DNA fragment containing the coding region and  This study 
 
promoter sequence tetR1 (GLE_0809) (-611-+864) in pBBR1-
MCS5, GmR 
 pBBR-tetR2 1210 bp DNA fragment containing the coding region and  This study 
 
promoter sequence of tetR2 (GLE_2933) (-458-+752) in pBBR1-
MCS5, GmR 
 pBBR-hemo 1305 bp DNA fragment containing the coding region and  This study 
 
promoter sequence of hemo (-429-+876) (GLE_1115) in pBBR1-
MCS5, GmR 
 pBBR-virB8-10 3301 bp DNA fragment containing the coding region and  This study 
 
promoter sequence of virB8-10 (-248-+3053) (GLE_2822, 
GLE_2821, GLE_2820) in pBBR1-MCS5, GmR 
 pBBR-ph 1320 bp DNA fragment containing the coding region and  This study 
 
promoter sequence of ph (-373-+947) (GLE_5356) in pBBR1-
MCS5, GmR 
 pBBR-cysH-hk 3470 bp DNA fragment containing the coding region and  This study 
 
promoter sequence of cysH-hk (-250-+3220) (GLE_5487, 
GLE_5488) in pBBR1-MCS5, GmR 
 * KmR, GmR represents Kanamycin and Gentamicin resistant, respectively. Gene ID and 
annotation are based on the genome sequence of LeC3, which could be found in NCBI with the 
accession number CP013140.1.  
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Table 3.2 Primers used in this study 
Primer Sequence (5' - 3') 
Primers for the complementation constructs 
dgc F AGTAaagcttCCACGATCCTGTTCTTCCAG 
dgc R AGTAtctagaGTTGCGTTAGTTCTGCGTGA 
tetR1 F AGTAggtaccCGAATTGAGCTGGCCTTG 
tetR1 R AGTAtctagaTAGTCATTGGGGGTTCTTCG 
tetR2 F AGTAggtaccGCTGGACACCGTGCAGAT 
tetR2 R AGTAtctagaGCGCAGCCCGTATAACTG 
hemo F 
 
AGTAggtaccATGAGAGAGCACGCATGAGA 
hemo R AGTAtctagaGAGGTCGGGGGAGTTCAT 
virB8-10 F AGTAggtacc ATTCGGATTTCACCCTGTTC 
virB8-10 R AGTAtctaga CCTGTGTTCGTTCTGCTGTG 
ph F AGTAggtaccGCCTCGACCTTGTTGTCGTA 
ph R AGTAtctagaGGTTGTGGGAAGAATGTGAC 
hp-cysH-hk F AGTAgaattcCCGTGCATGTAGTTGACCAG 
hp-cysH-hk R AGTAgagctcCTACAGGGGCTTGGTCGTAG 
Primers for sequencing 
M13For-40 GTTTTCCCAGTCACGAC 
M13Rev-48 AGCGGATAACAATTTCACACAGGA 
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Table 3.3 Dual culture assay conditions for the complementation of the nine mutants in 
inhibiting S. sclerotiorum hyphae growth  
No.  Strain Medium  OD600 Volume (µl) Inoculation order Time (d) 
1 ∆dgc 10% TSA 0.5 100 Bacteria 1d ahead 6.5 
2 ∆tetR1 ¼ PDA 0.5 100 Simultaneously 4.5 
3 ∆tetR2 10% TSA 0.32 150 Fungi 1d ahead 6 
4 ∆hemo 10% TSA 0.48 100 Fungi 1d ahead 14.5 
5 ∆virB10 10% TSA 0.5 100 Bacteria 1d ahead 6.5 
6 ∆virB9 10% TSA 0.5 150 Fungi 1d ahead 2.5 
7 ∆ph 10% TSA 0.3 150 Fungi 1d ahead 3 
8 ∆cysH 10% TSA 0.84 100 Fungi 1d ahead 4.5 
9 ∆hk 10% TSA 0.4 200 Fungi 1d ahead 4.5 
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3.7 Figures 
 
Figure 3.1 Map of vector (A) and DNA fragments (B) used in the construction of plasmids 
for mutant complementation. (A) Map of the broad-host-range vector pBBR1-MCS5 with 
gentamicin resistance cassette (GmR). The unique restriction sites are shown in multiple cloning 
site (MCS). Complete sequence for pBBR1MCS-5 is available in GenBank with the accession 
number U25061 (From Kovach et al., 1995). (B) DNA fragments containing full-length selected 
genes of interest (GOIs) and their corresponding predicted promoter regions. Large arrows 
illustrate open reading frames (ORFs); small blue arrows represent primers used in PCR 
amplification and complementation confirmation. Plasmids and fragments were digested by 
HindIII/XbaI, KpnI/XbaI, or EcoRI/SacI as shown.  
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Figure 3.2 Complementation of the nine mutants in inhibiting S. sclerotiorum hyphae 
growth. Equal volume of wild-type (WT), mutants, and complementation strains (marked as 
com) with replications was spotted in the hole about 2.5 cm away from the 5 mm fungal discs in 
the middle of the plates. Detailed culture conditions were described in Table 3.3. Distances 
between bacteria to the edge of perfect/partial inhibition areas were measured and shown in bar 
plots below in Figure 3.3 for their abilities in inhibiting S. sclerotiorum hyphae growth. Similar 
results were obtained in a second independent experiment.  
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Figure 3.3 Complementation of the nine mutants in inhibiting S. sclerotiorum hyphae 
growth. LeC3, mutants, and complementation strains were co-cultured as illustrated in Figure 
3.2. Detailed culture conditions were described in Table 3.3. The distances between bacteria to 
the edge of perfect/partial inhibition areas were measured and shown in bar plots to represent 
their abilities in inhibiting S. sclerotiorum hyphae growth.  
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Figure 3.4 Growth curves of L. enzymogenes wild-type (WT), nine Tn5-insertional mutants, 
and corresponding complementation strains. In each plot, purple curve represents the growth 
of the WT LeC3, green represents individual mutant, and orange represents the corresponding 
complementation strain. The growth of bacterial strains was monitored at different time points in 
terms of OD600. Similar results were obtained in a second independent experiment.  
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Figure 3.5 The nine mutants decreased in inhibiting F. virguliforme spore growth. 15 µl of 
the 1:1 mixture of 2×105/ml F. virguliforme spores and 3-day-old bacterial culture solution were 
co-cultured at 25℃ for 16 hours and then dropped on ¼ PDA plates and inoculated at 28℃ for 
3.5 days. Pictures were taken 3.5 days after plating. Similar results were obtained in a second 
independent experiment. 
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Figure 3.6 Germination rate of F. virguliforme spores challenged with bacterial culture 
supernatant of the wild-type, mutants and complementation strains. Bacterial culture 
supernatant was 1:1 mixed with 2×105/ml F. virguliforme conidia overnight in a shaking 
incubator at 200 rpm at 25℃. Different letters indicate significant differences from one-way 
ANOVA followed by Fisher’s LSD test (p < 0.05).  
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Figure 3.7 Extracellular protease activities of the nine mutants. Extracellular protease 
activity was determined for the wild-type and the nine mutants as the diameter of hydrolytic 
zones around bacterial colonies on LB plates containing 1% (m/vol) skim milk. Different letters 
indicate significant differences from one-way ANOVA followed by Fisher’s LSD test (p < 0.05).   
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Figure 3.8 Extracellular lipase activities of the nine mutants. Extracellular lipase activity was 
determined for the wild-type and the nine mutants as the diameter of calcium soap circles around 
bacterial colonies on basal agar medium plates containing 1% (vol/vol) Tween 80. Different 
letters indicate significant differences from one-way ANOVA followed by Fisher’s LSD test (p < 
0.05).   
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Figure 3.9 Extracellular cellulase activities of the nine mutants. Extracellular cellulase 
activity was determined for the wild-type and the nine mutants as the diameter of hydrolytic 
zones around bacterial colonies on modified Van Niel’s medium plates containing 1.5% (m/vol) 
carboxymethyl cellulose (CMC). Different letters indicate significant differences from one-way 
ANOVA followed by Fisher’s LSD test (p < 0.05).   
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Figure 3.10 Extracellular chitinase activities of the nine mutants. Extracellular chitinase 
activity was determined for the wild-type and the nine mutants as the diameter of hydrolytic 
zones around bacterial colonies on agar plates containing 0.5% (m/vol) colloidal chitin. Different 
letters indicate significant differences from one-way ANOVA followed by Fisher’s LSD test (p < 
0.05).   
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Figure 3.11 Complementation of extracellular enzyme activities. In each panel, mutant was 
on the left and its complementation strain was on the right except the wild-type (WT) LeC3 row. 
Duplicate bacterial colonies were inoculated on the same plate. Two media were used in lipase 
activity assay: LB containing 0.5% (vol/vol) Tween 80 for the WT (LeC3 panel on the right), 
∆virB10/∆virB9 and their complementation strains; basal agar medium containing 1% (vol/vol) 
Tween 80 for the WT (LeC3 panel on the left) and the rest.  
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Figure 3.12 Complementation of mutants in extracellular enzyme activities. Extracellular 
protease (A), lipase (B), cellulase (C), and chitinase (D) activities were determined for the wild 
type (WT), mutants, and complementation strains as the diameter of reaction zones around 
bacterial colonies. In lipase activity assay, LB containing 0.5% (vol/vol) Tween 80 was used for 
∆virB10/∆virB9 and basal agar medium containing 1% (vol/vol) Tween 80 was used for 
∆hemo/∆cysH. Different letters indicate significant differences from one-way ANOVA followed 
by Fisher’s LSD test (p < 0.05).   
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Figure 3.13 HPLC analysis of antibiotic HSAF (heat stable antifungal factor) produced by 
LeC3 and its derived strains. The single HSAF peak (marked by arrows) was detected by 
HPLC in HSAF standard and WT LeC3, but not in the mutant defective in HSAF production 
(∆lafB) as well as the nine mutants.  
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